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Preface 


This special issue comprises the texts of most of the 
invited lectures, in many instances largely of a review 
nature, presented at the 8th International Symposium on 
“Molecular Aspects of Chemotherapy” (8th IS-MAC), held 
in the historic city of Gdansk, on the Polish Baltic coast, 
September 5-9, 2001. It is fitting that the Editors of BBA 
considered it appropriate for these proceedings to appear in 
the series on “Molecular Basis of Disease". 

While serendipity and random screening continue to play 
a substantial role in the search for new drugs, particularly as 
regards identification of lead compounds (but to an ever 
increasing extent by high through-put screening of large 
compound libraries), current remarkable advances in molec- 
ular and structural biology, genomics and proteomics now 
dominate, to an ever increasing extent, the application of so- 
called rational approaches to drug design and development, 
in many instances relying on the molecular basis of a given 
disease. It has become standard practice to investigate both 
the mechanisms of action of drugs, and the sources of 
undesirable side-effects, at the molecular level, with the 
aid of broad interdisciplinary approaches, both theoretical 
and experimental, to improve existing drugs and to develop 
more effective ones. 

It is with the foregoing in mind that the Gdañsk Interna- 
tional Symposia have been organized biannually since 1984 
by Professor E. Borowski of the Technical University of 
Gdansk, with the support of the Committee on Drug 
Research of the Polish Academy of Sciences, initially under 


the auspices of the International Society of Chemotherapy 
and, currently, also of the European Federation of Medicinal 
Chemistry, and the International Union Against Cancer. 

As in the past, invited lectures, and a number of poster 
sessions, covered up-to-date achievements, and future per- 
spectives, on molecular mechanisms of inhibition of cellular 
functions and metabolism, with emphasis on the design and 
mechanisms of action of chemotherapeutic agents for treat- 
ment of bacterial, neoplastic, parasitic and viral diseases. 
The range of disciplines represented was very broad, includ- 
ing theoretical and experimental chemists and physicists, 
molecular biologists, biochemists, virologists, clinicians, 
etc. from both academia and nonprofit research centers, as 
well as the pharmaceutical and biotechnology sectors. 

Plans are already under way for the 9th International 
Symposium, to be held again in Gdansk, in early September, 
2003. Proposals of prospective participants for review 
lectures will be welcomed and will receive due consider- 
ation by the Organizing Committee during preparation of 
the scientific program. 

We are indebted to Professor E. Borowski and Dr. Maria 
Bontemps-Gracz, to all those who helped out with review of 
manuscripts, and to Pat Crowley of the BBA Editorial 
Secretariat, for their unstinted assistance in the preparation 
of this special number. 


David Shugar 
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Abstract 


Newborns with a genetic deficiency of purine nucleoside phosphorylase (PNP) are normal, but exhibit a specific T-cell immunodeficiency 
during the first years of development. All other cell and organ systems remain functional. The biological significance of human PNP is 
degradation of deoxyguanosine, and apoptosis of T-cells occurs as a consequence of the accumulation of deoxyguanosine in the circulation, 
and dGTP in the cells. Control of T-cell proliferation is desirable in T-cell cancers, autoimmune diseases, and tissue transplant rejection. The 
search for powerful inhibitors of PNP as anti-T-cell agents has culminated in the immucillins. These inhibitors have been developed from 
knowledge of the transition state structure for the reactions catalyzed by PNP, and inhibit with picomolar dissociation constants. Immucillin- 
H (imm-H) causes deoxyguanosine-dependent apoptosis of rapidly dividing human T-cells, but not other cell types. Human T-cell leukemia 
cells, and stimulated normal T-cells are both highly sensitive to the combination of Imm-H to block PNP and deoxyguanosine. 
Deoxyguanosine is the cytotoxin, and Imm-H alone has low toxicity. Single doses of Imm-H to mice cause accumulation of deoxyguanosine 
in the blood, and its administration prolongs the life of immunodeficient mice in a human T-cell tissue xenograft model. Immucillins are 
capable of providing complete control of in vivo PNP levels and hold promise for treatment of proliferative T-cell disorders. © 2002 Elsevier 


Science B.V. All rights reserved. 


Keywords: Immucillin; Purine nucleoside phosphorylase; T-cell leukemia; Autoimmunity; Transition state; Apoptosis; Deoxyguanosine toxicity 





1. Introduction 


Purine nucleoside phosphorylase (PNP) catalyzes the 
reversible reactions [1]: 


(deoxy) guanosine guanine 
(deoxy)inosine + PO, €? hypoxanthine + x — D 


— (deoxy)ribose 1 — PO4 


Prepared by her earlier discovery of severe combined immu- 
nodeficiency in adenosine deaminase deficiency, Eloise 


Abbreviations: PNP, purine nucleoside phosphorylase; Imm-H, Immu- 
cillin-H ((1S}-1-(9-deazahypoxanthin-9-yl)-1,4-dideoxy-1,4-imino-D-ribi- 
tol]; Imm-G, Immucillin-G [(15)-1-(9-deazaguanin-9-yl)-1,4-dideoxy-1,4- 
imino-D-ribitol]; dNTP, 2'-deoxynucleoside 5'-triphosphates; K;*, the 
equilibrium dissociation constant between an enzyme and inhibitor that 
includes a slow onset step; IL-2, interleukin-2; SCID mice, a mouse strain 
with genetically derived severe combined immunodeficiency; BCX- 
1777» Immucillin-H 

* Tel: 1-718-430-2813; fax: +1-718-430-8565. 

E-mail address: vern@aecom.yu.edu (V.L. Schramm. 


Giblett discovered that infants with a rare T-cell immuno- 
deficiency lacked PNP [2]. Subsequent studies indicated 


. that T-cell deficiency resulted from altered pathways of 


purine metabolism. Deoxyguanosine accumulates in the 
blood as a result of PNP deficiency, and is transported 
and phosphorylated by T-cell deoxynucleoside kinases to 
form pathologically elevated levels of dGTP specifically in 
these cells [3—6]. Inhibition of PNP was soon identified as a 
target for the regulation of undesirable T-cell proliferation, a 
campaign was launched for the discovery of powerful 
inhibitors [7]. Thirty-three patents for PNP inhibitors were 
listed by 1998, but clinical trials with the best of these 
inhibitors failed to show adequate inhibition to cause 
regulation of activated T-cells [8]. Type IV autoimmune 
disorders are a primary disease target for PNP inhibitors, 
and are caused by inappropriate activation of T-cells by self- 
antigens [9]. These disorders include rheumatoid arthritis, 
psoriasis, inflammatory bowel disorders and multiple scle- 
rosis. In addition, T-cell leukemias and lymphomas would 
be primary proliferative targets for PNP inhibitors. 
Inhibitor design for patented PNP inhibitors have used 
structure—activity relationships and structure-based design, 
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in which the catalytic site of PNP containing substrate or 
product analogues or weak inhibitors was sequentially filled 
with newly designed analogues followed by subsequent 
structural and kinetic characterization and refinement of 
catalytic site contacts [10,11]. The most powerful inhibitors 
obtained by these methods are in the low nanomolar range 
for inhibitory dissociation constants [8]. 

During this period, methods were also being developed for 
the experimental analysis of enzymatic transition states by 
kinetic isotope effect analysis [12-15]. Analogues. that 
resemble enzymatic transition states capture the enzymatic 
forces used for catalysis and convert catalytic energy into 
binding energy, resulting in powerful inhibition [15—17]. The 
inversion of configuration at the anomeric carbon of PNP 
substrates suggested a nucleophilic displacement reaction, 
but compounds synthesized to resemble such transition states 
bound no better than substrates. The possibility of transition 
state inhibitor design for PNP became a reality in 1995, when 
the transition state structure was resolved from studies of the 
chemical mechanism and kinetic isotope effects [18-20]. 
This review provides a summary of the biology, enzymology 
and chemistry that led to the development of the immucillins, 
PNP inhibitors of sufficient specificity and affinity to eause 
deoxguanosine accumulation in mammals. 


2. PNP in human nucleotide metabolism 


The (deoxy)nucleoside substrates of PNP are normally 
absent from the blood as a result of robust PNP catalytic 
activity in the intestine, liver, erythrocytes, lymphocytes, 
spleen and kidney [21,22]. The activity of PNP in the blood 
alone causes injected nucleoside substrates to undergo phos- 
phorolysis with a half-life of a few seconds. However, PNP 
substrates accumulate in the blood and urine of PNP-defi- 
cient patients, replacing uric acid, which is dramatically 
reduced in both blood and urine (summarized in Ref. [23]). 
This experiment of nature confirms that the pathway of 
purine nucleoside degradation requires PNP, and without it, 
nucleosides accumulate, purine bases for salvage pathways 
and degradation are depleted, and the rate of de novo purine 
synthesis increases [22]. Overproduction of purines is not 
accompanied by purine precipitation disorders in PNP defi- 
ciency since the (deoxy)nucleosides are more soluble than 
uric acid. Blood levels of these metabolites are significant 
and the primary purine excretion products are urinary nucleo- 
sides. In addition, (deoxy)nucleoside salvage increases 
because of excess substrate availability. Dividing T-cells 
express an active deoxycytidine kinase, whose normal role 
is the salvage of deoxycytidine to form dCMP — — dCTP 
for DNA synthesis in activated T-cells [24]. When deoxy- 
guanosine accumulates beyond normal levels, deoxycytidine 
kinase accepts deoxguanosine to form dGMP — — dGTP. 
The allosteric inhibition site for dGTP on ribonucleotide 
diphosphate reductate inhibits cellular formation ef dCDP 
and dUDP [25]. thereby preventing DNA synthesis (Fig. 1). 
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Fig. 1. Pathways of deoxyguanosine (dGuo) metabolism in human T-cells. 
The normal function of deoxycytidine (dCyd) kinase is salvage of dCyd 
arising from apoptosis of other T-cells. It is regulated by dCMP product 
inhibition. Excess dGuo is phosphorylated to dGMP by the same enzyme, 
but dGMP is not a good product inhibitor. Increased dGTP allosterically 
inhibits ribonucleotide reductase, preventing DNA synthesis and T-cell 
division. 


Factors that have been proposed to make the disorder specific 
for T-cells include high capacity for deoxynucleoside trans- 
port, high expression levels of deoxycytidine kinase, and low 
levels of phosphatases for dGMP. The normal response to 
antigenic T-cell stimulation requires clonal expansion from a 
few cells with the appropriate receptors to the T-cell mass 
required for an activated T-cell response. This response 
requires rapid T-cell proliferation involving relatively large 
quantities of DNA synthesis. Activation of T-cells under 
conditions of unbalanced dNTPs induces apoptosis, and 
instead of T-cell proliferation, depletion of T-cells occurs 
[26]. T-cell populations are exquisitely poised for apoptotic 
responses, since — 99% of developing thymocytes do not 
receive an antigenic stimulatory response and undergo apop- 
tosis under conditions of normal development [27]. 

Knowledge of human purine metabolism is required to 
understand PNP deficiency since the metabolism of deox- 
yguanosine differs between humans and mice. Mice made 
genetically deficient in PNP do not undergo T-cell deple- 
tion, and some of the cellular changes observed in the mice 
are attributed to the action of a mitochondrial deoxyguano- 
sine kinase [28 —30]. A useful outcome of this finding is that 
xenografts of human T-cells into mice allow analysis of the 
effects of PNP inhibitors with only modest effects on the 
host T-cell profile [31,32]. 


3. Catalytic properties of PNP 


Mammalian PNPs catalyze the phosphorolysis of the 
natural 6-oxypurine (deoxy)nucleosides and are inactive 
against (deoxy)adenosine or the pyrimidine (deoxy)nucleo- 
sides [33]. The catalytic efficiency is high for the deoxy- 
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guanosine nucleoside that characterizes its biological func- 
tion [1]. The homotrimer exhibits Michaelis Menten initial 
rate kinetics and has no known physiologic regulatory sites. 
PNP is present at micromolar concentrations in blood cells 
and is coupled to a substrate trapping phenomenon known 
as catalytic commitment [14,19]. Every collision of a sub- 
strate (deoxy)nucleoside with the catalytic site leads to its 
trapping and conversion to product. With the high concen- 
trations of enzyme, catalytic commitment, and low Km 
value, cells containing high concentrations of PNP are as- 
sured of the virtual absence of free deoxyguanosine. Mito- 
chondrial deoxyguanosime metabolism is exempt from this 
degree of deoxyguanosine removal since PNP is absent and 
a deoxyguanosine kinase is present [34]. Repair and recy- 
cling of mitochondrial DNA generates deoxguanosine that 
is proposed to remain in this compartment. 

Under nonphysiological conditions, in the absence of 
phosphate, PNP catalyzes a slow hydrolysis of inosine in 
which the first catalytic site releases ribose, but binds tightly 
(1 pM) to the hypoxanthine product [18]. The enzyme stalls 
in a complex with hypoxanthine bound at one of the three 
catalytic sites, demonstrating sequential catalytic site action 
now made familiar from the action of F;Fọ ATPase [35]. 
The relevance of sequential site catalytic action for cancer 
therapy is the prediction that inhibition of any single subunit 
of the PNP homotrimer will lead to full inactivation of 
catalytic activity. Immucillin-H (Imm-H) has been shown to 
act by this mechanism and one-third-the-sites inhibition is 
discussed in more detail in Section 5. 


4. Transition state analysis and PNP 


Chemical transition states occur within the lifetime of a 
single bond vibration, approximately 10 ^ P s, and direct 
observations have only been successful in gas-phase studies 
by laser spectroscopy [36]. Enzymatic transition states have 
similar lifetimes and can be established from intrinsic 
kinetic isotope effects by the experimental steps: (1) syn- 
thesis of substrates with specific atomic labels surrounding 
the bonds being made and broken in the transition state; (2) 
establish chemical or kinetic conditions where the catalytic 
step (transition state formation) is the first irreversible step 
in the catalytic cycle, or where intrinsic isotope effects can 
be obtained; (3) measure a family of kinetic isotope effects 
for the atoms whose bonding patterns are perturbed at the 
transition state; and (4) use bond vibrational analysis 
coupled to quantum chemistry predictions to match the 
kinetic isotope effects to the transition state structure. Geo- 
metric and electrostatic properties of the transition state can 
be used as an atomic blueprint to design stable analogues. 
Chemical synthesis of the transition state analogues pro- 
vides the desired inhibitors for enzymatic and biological 
testing against the target. The experimental implementation 
of these steps has been outlined in reviews [14,37 —39], and 
will be exemplified here with the example of PNP. 


PNP demonstrated no kinetic isotope effects with 
inosine and phosphate as substrates, because of catalytic 
commitment, and bound products reforming substrates on 
the enzyme prior to product release [19]. Intrinsic isotope 
effects were established using the hydrolytic reaction, 
where catalysis is slow and no back-reaction occurs, and 
also with arsenate (AsO4) as a phosphate analogue [20]. 
Arsenate reacts to form a-p-ribose l-arsenate, an unstable 
intermediate that hydrolyzes rapidly and prevents the 
products of the reaction from reforming as substrates 
prior to release from the enzyme. The intrinsic isotope 
effects were used to establish the transition state features 











immucillin-H 


Fig. 2. Substrate (inosine), transition state and transition state inhibitor 
(Imm-H) for PNP. The geometry of the transition state is shown looking at 
CV of the ribosyl ring. Features of the transition state are highlighted in 
bold, and also appear in the inhibitor [51]. 
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Fig. 3. Molecular electrostatic potential surfaces for inosine, the transition state of PNP and Imm-H. The geometry around the 5'-hydroxymethyl group and the 
ribosidic-base torsion angles were fixed at the values established from the X-ray crystallographic studies. In the transition state, N7 was protonated and the 
N9-C1' bond was fixed at 1.8 A. The electron distribution was calculated using Gaussian 98 with the STO-3G basis set. 


of 0.38 Pauling bond order to the hypoxanthine leaving 
group, protonation or hydrogen-bond stabilization to N7 
of the purine, van der Waals contact to the attacking 
phosphate nucleophile, and conversion of the ribosyl 
group to a partially charged ribooxacarbenium ion [20]. 
The results established that the chemical property ef the 
transition state is dissociative, rather than the associative 
property expected for a symmetric nucleophilic displace- 
ment (Fig. 2). The results provided the first sufficiently 
complete structure of the transition state to permit the 
design of transition state inhibitors. These features were 
also consistent with the transition states established for 
other purine N-ribohydrolases [40,41], and with an earlier 
isotope effect measured for the PNP from £scherichia 
coli [42]. 


5. Imm-H design and synthesis 


The features of the transition state structure for PNP were 
used to design a chemically stable isologue (same molecular 
shape and volume) to act as transition state analogue inhibitor 
(Fig. 2). Inosine was the substrate for transition state analysis, 
and the transition state inhibitor was designed to mimic this 
transition state. The ribosyl group at the transition state is à 
partially positively charged ribooxacarbenium ion, and was 
mimicked in Imm-H with an iminoribitol structure. In Imm- 


H, the imino group! is protonated with a pK, of 6.5, providing 
a partial positive charge at physiological pH values. The bond 
to the leaving group purine is more than 60% dissociated at 
the transition state, causing the pX, at N7 of the purine to 
increase. Immucillins were designed with a carbon—carbon 
ribosidic link to provide chemical stability relative to the 
carbon—nitrogen link in normal substrates. This carbon- 
ribosidic bond also changes the bond conjugation pattern of 
the inhibitor, increasing the pK, of N7 from ~ 2 in inosine to 
— 9 in Imm-H. The pK, of this group at the transition state 
has not been measured, but is elevated toward 7 or above as 
the ribosidic bond is broken. Nitrogen-7 is proposed to be a 
site of protonation or hydrogen bonding by the enzyme to 
form the transition state, since the bonding electrons must be 
accommodated in the leaving group and protonation at N7 or 
a favorable H-bond at this site assists in electron departure 
from the N-ribosidic bond. The elevated pK, at this site 
constitutes one of the transition state features. The ability of 
N7-methyl substituted inosine and guanosine molecules to 
act as substrates of PNP [43] indicates that the Asn243 that H- 
bonds to this site is sufficiently flexible to accommodate an 
N7-methyl substituent. The methyl group provides a similar 


' The IUPAC nomenclature for the ring nitrogen in sugar analogues 


accepts amino or imino. The original description of the deoxyiminoribitols 
[64] used the imino nomenclature, which we maintain here. 
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Linear Synthesis of Immucillin-H 
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Fig. 4. Chemical synthesis of Imm-H by the linear and convergent pathways. These methods have been published and details of synthesis are provided ın Refs. 


[48,50]. 


electronic effect 1n assisting the purine to accept bonding 
electrons. 

The atomic replacements between inosine and Imm-H 
make an insignificant change in atomic size, but a dramatic 
change in the molecular electrostatic potential surface? 
(Fig. 3) [44]. Analysis of the molecular electrostatic 
potential surface similarity between transition state and 
transition state inhibitors for several enzymes have estab- 
lished that this and the atomic size correlate with the 
affinity between enzyme and inhibitor [45,46]. A departure 
from other inhibitor design programs was to eliminate 
features of the phosphate anion. Transition state analysis 
revealed that phosphate is not bonded at the transition 
state, but is in van der Waals contact, with less than 296 
covalent bond order [20]. This finding established that the 
nucleoside contacts dominate transition state interactions, 
and that the phosphate binding site will fill with morganic 
phosphate, an abundant component of cells. 


2 The molecular electrostatic potential surface 1s the force observed by 
a point charge at every location on the van der Waals surface of the 
molecule [44]. 


‘ 
E 


Chemical synthesis of Imm-H was first accomplished 
in a linear sequence of over 20 steps, beginning with 
p-gulonolactone, and based on the precedents of aryl and 
alkyl 1-substituted iminoribitols [47,48] and for synthesis of 
9-deazapurine nucleosides [49] (Fig. 4). This synthetic 
procedure builds the protected iminoribitol from p-gulono- 
lactone, followed by the stepwise addition of the compo- 
nents of the 9-deazahypoxanthine and deprotection. The 
chemical stability of the compound is revealed in the final 
deprotection step, reflux in concentrated HCl. Although this 
route provided the first access to Imm-H and Imm-G (the 
9-deazaguanine analogue), it was not suitable for large- 
scale synthesis. Àn improved synthetic route produced 
activated and protected iminoribitol and 9-deazahypoxan- 
thine in separate procedures, followed by reaction of the 
two halves of the molecule [50] (Fig. 4). 


6. Inhibition of PNPs by Imm-H 


Imm-H and Imm-G inhibited both bovine and human 
PNP, and exhibited the characteristics of slow-onset tight- 
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binding inhibitors [51]. Slow-onset inhibitors bind as rever- 
sible competitive ligands, followed by an isomerizatioa of 
the enzyme that causes increased inhibitor binding affinity 
[52]. The initial binding phase for the bovine enzyme 
exhibits a K, of 41 nM, followed by a time-dependent, slow 
onset (ks —0.06 s ` !) increase of affinity by a factor of 2200, 
to give a K,* of 23 pM (Fig. 5). For the human enzyme the 
initial binding phase is rapid, and the K,* value is 72 pM 
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(Table 1). The affinity of Imm-H is approximately one 
million times that for the inosine substrate. The size and 
molecular electrostatic potential properties of the inhibitor 
are similar to the transition state [51]. Binding affinity is 
dictated by on and off rates, in the case of tight-binding 
inhibitors, that for ks and ks, the conformational changes 
that provide entry and departure from the tightly bound 
transition state analogue complex (Fig. 5). Release of Imm- 


k 
cat E + products 


Ko +Kcat 
kı 
K, =k4/ks 


m= 


100 120 140 
Immucillin-G, nM 


Immucillin-H, nM 


Fig. 5 The kinetics of PNP inhibition by Imm-G and Imm-H E, A, E and I represent PNP, inosine, products and Imm-H or Imm-G, respectively The rate 
constants ks and Ks are the rate constants for formation of E * -1 and its conversion to E-I. E I is the rapidly reversible, weakly bound inhibitor and E * .I 
represents a conformational change that accompanies tight-binding of the Inhibitor. The center panel demonstrates the slow-onset of inhibition, and the bottom 
panel demonstrates the post-slow onset rate (v,) as a function of inhibito7 concentration using mosine at a concentration of 200 times its K,, value. The reactions 
were coupled to xanthine oxidase to yield unc acid as product. Adapt2d from reference [51] 
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Table 1 

Inhibition of PNPs by Imm-H . 

PNP source Ki* (pM) Km (uM) K. fK, 

Human 73 40* 550,000 

Bovine 23 177 740,000 

Mycobacterium 28 . 26 930,000 
tuberculosis 

Plasmodium 600 5 8000 
falciparum 


2 The Km values for inosine 
b The K,, values for 6-thio-7-methylguanosine. 


H from the bovine enzyme has a ¢t;⁄2 of 5 h, compared to that 
from the human enzyme of 8 min. Inhibition was correlated 
with moles of Imm-H bound per trimeric enzyme, and the 
results established that binding of one Imm-H molecule per 
trimer, with the affinity described above, is responsible for 
the inhibition [51]. These inhibitory and binding studies 
established that Imm-H was the most powerful PNP inhib- 
itor yet described. It acts by complete inhibition of PNP 
catalytic activity by filling only one of the three catalytic 
sites of the trimer of PNP [51]. This result was unexpected 
based on earlier kinetic studies and the previous X-ray 
crystal structures of PNP, all of which indicated equivalent, 
noninteracting sites in a symmetric trimer with identical 
subunit occupancy with substrate and inhibitor analogues 
[53]. Binding studies of Imm-H to bovine PNP indicated 
that filling of the first subunit is responsible for the inhib- 
ition, and occurs with the highest affinity, followed by 
saturation of the second and third sites with affinity orders 
of magnitude lower than the first subunit [54]. However, at 
large Imm-H excess, all three sites can be occupied: The 
impact of the partial-sites inhibition for cancer therapy is 
that physiological inhibition of PNP activity can be achieved 
with only one molecule of inhibitor bound for every three 
PNP subunits. 

Although other applications of PNP inhibitors are 
beyond the scope of this review, Imm-H is also a powerful 
inhibitor of PNP from M. tuberculosis and P. falciparum 
[55,56] (Table 1). The crystal structure of M. tuberculosis 
has been solved with Imm-H and phosphate binding, 
revealing that this enzyme is similar to the mammalism 
enzyme [57]. In contrast, the PNP from P. falciparum is 
more closely related to the hexameric E. coli PNP, and has a 
lower affinity for Imm-H. Despite the lowered affinity, the 
addition of Imm-H to cultures of human erythrocytes 
infected with P. falciparum causes purine-less death of the 
parasites under physiological culture conditions [58]. 


7. Structure of PNP-Imm-H-PO, 


Crystals of bovine PNP with Imm-H and phosphate at the 
catalytic sites were grown in the presence of large excesses 
of phosphate and of Imm-H to saturate the catalytic sites 
[59]. The crystals, demonstrated uniform catalytic site filling 


at all three sites, and permitted the collection of the highest 
resolution data (1.5 À) obtained for a complex of the bovine 
enzyme. The structure was compared to structures of bovine 
PNP solved earlier [53], to reveal the structural changes as 
the enzyme progresses from the Michaelis complex to the 
transition state and product complexes. Imm-H is situated in 
the catalytic sites similar to the position of inosine, except 
that contacts to the enzyme are closer to most parts of the 
complex (Fig. 6). Comparison of substrate, Imm-H and 
product complexes to the actual transition state structure 
docked into the catalytic site permitted analysis of the 
atomic motion that occurs as substrates are converted to 
products, and the analysis of the similarity between Imm-H 
and the docked transition state. 

One surprising result is that the reaction occurs by 
unprecedented atomic motion in the reaction coordinate. 
These steps include; (a) enzymatic immobilization of the 
purine ring and phosphate, (b) generation of the ribooxa- 
carbenium ion transition state with the participation of 
neighboring group oxygens from phosphate and the 5'- 
hydroxyl to stabilize the ribooxacarbenium ion and (c) 
migration of the C1’ anomeric carbon over the relatively 
long distance of 1.7 À between the enzymatically stabilized 
nucleophiles, while the 5’-region of the ribosyl group 
remains immobile. This mechanism is a departure from 
solution chemistry, and also occurs in other ribosyltrans- 
ferases. This mechanism has been called a nucleophilic 
displacement by electrophilic migration, and reflects the 
ability of enzymes to accomplish atomic motion of reactive 
groups in the protected environment of the catalytic site, 
(exemplified here by the ribooxacarbenium ion) [59,60]. A 
second important lesson of the study was that the transition 
state analogue and the actual transition state occupy the 
same positions, except for the 0.4 À difference in structures 
resulting from the C—C covalent bond in the transition state 
analogue [59]. A third surprise from the structure with Imm- 
H involves the nature of the enzymatic activation of the 
leaving group purine and the formation of the ribooxacar- 
benium ion. Enzyme-immobilized water oxygens form a 
proton transfer bridge to solvent and provide the protons 
required for a H-bond and a protonation of the leaving 
group hypoxanthine. Activation of the leaving group occurs 
by; (a) a hydrogen bond to N7 shared to the side-chain 
carbonyl oxygen of Asn243, where the H-bonded proton is 
provided by the water bridge, and (b) protonation of O6 by 
an immobilized water that is sandwiched between O6 and 
Glu201. Near-optimal contacts at every H-bond donor/ 
acceptor pair on Imm-H and phosphate at the catalytic site 
indicated that improvement on the binding affinity by 
changing the structure of the immucillins might be difficult. 


8. Effect of Imm-H on transformed and activated T-cells 


Human T-cell immunodeficiency from PNP loss is com- 
pletely dependent on the presence of deoxyguanosine and its 
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conversion to dGTP [31,32]. Cultures of human T-cell 
leukemia lines were tested for growth in the presence of 
Imm-H with and without deoxyguanosine (Fig. 7). The 
selective inhibition of T-cells, only in the presence of deox- 
yguanosine, established that Imm-H is biologically availzble, 
and is dependent on deoxyguanosine. Analysis of treated 
cells established that Imm-H with deoxyguanosine caused the 
accumulation of dGTP [31]. Under conditions of 20 HM 
deoxyguanosine in the medium, the ICso for Imm-H wa: 0.4 
to 5 nM for reduction of thymidine incorporation in cells 
cultured for 3 days (Fig. 7). The toxicity of Imm-H and 
deoxyguanosine is rescued by deoxycytidine, a metabolite 
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known to prevent dGTP accumulation by substrate competi- 
tion for deoxycytidine kinase and by dCMP product inhib- 
ition of the enzyme [61] (Fig. 7C). Seventeen non-T-cell lines 
were unaffected by Imm-H at 10 uM, several thousand-fold 
above the effective dose for human leukemic T-cells [31]. T- 
cells isolated from normal] human volunteers are not affected 
by Imm-H unless they are stimulated to divide, and show 
increasing sensitivity with increased stimulation [31,32] (Fig. 
8). Peripheral human T-cells stimulated to rapid division by 
excess interleukin-2 (IL-2) and mononuclear cells were 
inhibited by Imm-H and deoxguanosine with an IC,o value 
of 5 nM. The results demonstrate that inhibition of PNP by 
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Fig 6. The structures of bovine PNP with substrate analogues (inosine-- SO), transition-state complex (Imm-H + PO4) and products (hypoxanthine + ribose 1- 
PQs.) bound at the catalytic sites. Substrate and product complexes are from Ref. [53], and this figure is reproduced from Ref. [59] Hydrogen bond distances 
are shown in angstroms. Red indicates bonds that shorten significantly and blue indicates bonds that lengthen significantly m the conversion of (a) to (b), and of 


(b) to (c). 
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Fig 7 The inhibition of human T-cell leukemia lines by Imm-H and 
deoxyguanosine. MOLT and CEM are human T-cell leukemia cell lines, 
while Geo is a human colon carcinoma cell line and BL-2 1s a human B-cell 
leukemia cell line. Panel A demonstrates the response of cell lines to 20 pM 
deoxyguanosine and the indicated concentrations of Imm-H after 3 days of 
culture and analysis of cell activity by the viability dye WST-1 Panel B is 
the same experiment, but with cell viability tested by trittum—thymidine 
incorporation Panel C demonstrates that Imm-H alone has no effects on 
CEM cell viability, and that deoxycytidine (dCR) rescues against the effects 
of Imm-H and deoxyguanosine by the mechanism shown in Fig 1 This 
figure is reproduced from Ref [31] 


Imm-H is sufficient to cause dGTP accumulation and to 
induce apoptosis specifically in rapidly dividing T-cells. 


9, Imm-H in mice and effects on T-cell xenografts 


Bioavailability of Imm-H was tested in mice by a com- 
parison of oral and injected doses, and established that oral 
availability 1s high, at 63% of the injected dose [32]. A key 
test of the biological effectiveness of the inhibitor 1s the 
ability to increase the concentration of deoxyguanosine in 
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Fig 8 The effect of Imm-H on [*H]thymidine incorporation by human T- 
lymphocytes Reproduced from Ref. [31] In the top panel, peripheral T- 
cells from four donors were incubated for 3 days with no stimulation (solid 
squares) or with physiological levels of IL-2 In the bottom panel, cells 
were treated with excess IL-2 and mitomycin-treated mononuclear cells, 
followed by 6-day mcubation Error bars represent the results averaged for 
the T-cells of four donors. 


blood. Both humans and mice have high concentrations of 
PNP in erythrocytes; therefore, deoxyguanosine is not pre- 
sent at detectable levels in the blood. A. single oral dose of 
10 mg/kg Imm-H to mice increased the plasma concen- 


6 —e-— Vehicle, n= 5 
—4— [mm-H, n2 5 


Mice (Alive) 





0 4 8 12 16 20 24 28 32 36 40 44 
Time (Days) 


Fig 9. The effect of Imm-H on the human Iymphocyte— mouse xenograft 
tissue rejection model. The results are reproduced from Ref [32] SCID 
(hu-PBL) mice were treated with 20 mg/kg Imm-H for 5 days, and the natural 
killer lymphocytes depleted with anti-ASGMI antibodies Mice were irradi- 
ated and human buffy coat cells were injected The group with Imm-H treat- 
ment (triangles) survived approximately twice as long as the control group 
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tration of deoxyguanosine to a peak concentration of 5 uM 
over a period of 3 h, establishing in vivo efficacy for 
whole-body PNP inhibition in the mouse [32]. Elevated 
deoxyguanosine also occurs in the human genetic defi- 
ciency of PNP, and plasma levels are reported to be m the 
range of 3 to 17 uM [23]. Thus, a single oral dose of mm- 
H to mice can achieve a deoxyguanosine concentratioa that 
is adequate to cause T-cell deficiency in humans. These 
experiments were a prelude to the use of a mouse model of 
human immune transplantation rejection that has been 
developed and extended to SCID mice [62,63]. Ir this 
protocol, human peripheral blood lymphocytes (PBL:) are 
engrafted into SCID mice, and are stimulated to divide by 
the host antigens. Expansion of the human PBL cells 
causes the SCID mice to die from xenogenic graft vs host 
disease, approximately 4 weeks after engraftment. Death is 
caused by infiltration of human lymphocytes into the 
tissues of the host mouse. The effects of Imm-H were 
tested by pretreating mice with Imm-H to elevate tke de- 
oxyguanosine levels, followed by engraftment and contin- 
ued treatment with Imm-H to determine effects on life span 
Control animals were treated in the same way, excert that 
no Imm-H was given. The results demonstrated a two-fold 
increase in life span compared to control mice (Fig. 9 [32]. 
These results establish the ability of Imm-H to infhience 
human T-cell proliferation in the mouse model of hcst vs. 
graft disease, and therefore the ability to obtain suficient 
mhibition of whole body PNP to sustain elevated decxgua- 
nosine levels. 


10. Prospectus for applications of Imm-H 


Based on the enzymology, cell culture and animal model 
work published to date, the prospects for Imm-H to function 
as an in vivo anti-T-cell agent are the most encouragng yet 
obtained in the 26 years since Eloise Giblett discovered the 
genetic deficiency of PNP [2]. Recent studies on the mouse 
model of Imm-H immunosuppression of human T-cells 
concluded with the statement that this inhibitor is tke first 
known example of a PNP inhibitor that elevates deo-ygua- 
nosine in mice similar to the levels observed in PNP- 
deficient patients [32]. Phase VH clinical trials of Enm-H 
against human T-cell leukemia have been initiated under the 
trade name of BCX-1777. 
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Abstract 





We report a four-component partial least squares discriminant analysis (PLS) model for the prediction of blood—brain barner (BBB) 
permeation using descriptors derived from 3D molecular fields. The 3D fields were transformed by VolSurf into suitable 1D descriptors, 
which were correlated to the ratio of blood—brain partitioning measured at steady state in rats (log Cura fCulood)- The model so obtained sheds 
light on molecular properties influencing BBB permeation. It can also be used ın the virtual screening of new chemicals. © 2002 Elsevier 


Science B V All rights reserved. 
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1. Introduction 


The blood—brain barrier (BBB) has peculiar character- 
istics among the various physiological barriers. Diffusion of 
drugs across this endothelium separating the blood fram the 
central nervous system (CNS) is in fact more restrictive than 
elsewhere. Endothelial cells provide a crucial interface 
between blood and tissues. The free diffusion of chemicals 
across endothelia is prevented by endothelial tight junctions, 
the permeability of which varies considerably depending on 
tissue and conditions. In peripheral tissues (intestine, kid- 
ney, salivary gland), these cell barriers have fenestzations 
enabling relatively facile exchange of water and solutes. In 
contrast, the endothelial barrier separating the blooc from 
the CNS is characterized by tight junctions of severely 
limited permeability (excluding molecules with a diameter 
larger than 20 A), no fenestrae and an attenuated pinocytosis 
[1,2]. 

As a common feature, both peripheral and blood—brain 
endothelial cells have significant metabolic activizy [3]. 


Abbreviations BBB, blood-brain barner, CNS, central nervous 
system; MIF, molecular interaction field; PCA, principal component 
analysis; PLS, partial least squares discriminant analysis; PSA, polar 
surface area 
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Moreover, and in contrast to what was for long the common 
view, the special features of the BBB seem to be subject to 
endogenous regulation [1]. 

Thus, the BBB is far from being a simple barrier. 
Understanding its structure and functions, as well as the 
physicochemical and biological factors that control solute 
transfer, is a problem of great currency in pharmaceutical 
research. This is true not only for the design and develop- 
ment of CNS-active agents, but also for drugs that must 
be forbidden entry into the CNS to avoid unwanted side- 
effects, as exemplified by anti-histamines [4] and B- 
blockers [5]. Hence, in drug discovery, early assessment 
of BBB permeation is of great importance, and in vitro 
and in vivo techniques have been devised for this purpose 
[6]. 

Besides these experimental techniques, computational 
approaches have also been developed to predict the BBB 
permeation of new chemicals since the experimental determi- 
nation of BBB penetration is laborious, expensive, time-con- 
suming and requires a sufficient quantity of pure compound, 
often in radiolabeled form, to obtain good experimental data. 
Therefore, a fast and reliable computational method to predict 
BBB permeation at an early stage of discovery could 
help decrease the attrition curve since it would allow the 
virtual screening of many compounds, prior to synthesis. 
Over the years, various authors have attempted to predict 
BBB transport using lipophilicity (log P) [7—9], solvatochro- 
mic parameters [10], H-bonding capacity [11—14], topolog- 
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ical indices [15], polar surface area (PSA) [16-19] and 


Molsurf descriptors [20]. 


Recently, a new method named VolSurf has been devel- 


oped by Cruciani et al. [21]. This method is able to convert 


3D fields into new descriptors well suited for structure— 
pharmacokinetic relationships [22,23] and have proven its 
efficacy, simplicity of use and chemical interpretability (see 
Ref. [21] for a detailed description of the method). A 
previous semiquantitative model was able to classify cor- 
rectly more than 90% of BBB+ and BBB — permeation data 
[23]. In the present work, a quantitative model is presented, 
which was derived from log(Cyrain/Coiooa) steady-state (log 


BB) values of 83 compounds measured in rats. 


Table 1 


2. Experimental procedures 
2.1. Overview 


The overall procedure consisted in the following four 
major steps: 


1. Compilation of a homogenous set of literature BBB 
data for 83 compounds. 

2. Calculation of their 3D structure. 

3. Computation of their molecular interaction fields 
(MIFs) using GRID probes. 

4. Generation of the VolSurf descriptors. 


Experimental and calculated log BB values for the compounds included in this study 


Compound 


Name 


cimetidine 
clonidine 


imipramine 
mepyramine 
ramtidine 
tiotidine 
1cotidine 
SKF-93619 
lupitidine 


zolantidine 


. amitriptyline 


carbamazepine 


L-663581 
MIL-665581 
M2L-663581 
antipyrine 
caffeine 
ibuprofen 
indomethacin 
salicylic-acid 
temelastine 
aspirin 


log BBexp 


—142 
oll 
—004 
0 83 
0 49 
— 1.23 


— 0 097 
— 0.055 
—0 18 
— 1.26 
—11 

— 1.88 
— 0.5 


log BBeate 


— 1 188 
0 462 
—0 563 
0.923 
0521 
—0 605 
— 1.144 
— 1222 
— 0410 
— 1232 
— 0 707 
outlier 
— 0.718 
— 0.680 
— 0.603 
— 0.282 
— 0.669 
—1313 
— 1.252 
— 0.739 
— 0 763 
—0231 
—0492 
0.158 
0.111 
— 0.037 
0322 
— 0.222 
~0277 
0 186 
0 742 
0.313 
' — 0.153 
— 0.089 
— 0 882 
— 1568 
0495 
— 0870 
0.220 
— 1.146 
— 0.657 
— 1.059 
— 0.516 


Reference 


[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[14] 
[10] 
[15] 
[15] 
[24] 
[24] 
[24] 
[25] 
[25] 
[25] 
[25] 
[25] 
[26] 
25] 


Compound Name log BBexp log BBai Reference 
44 valproic-acid —022 0 598 [25] 
45 chlorambucil —170 outlier [15] 
46 —13 — 1162 [11] 
47 — 1.4 —0918 [H] 
48 — 043 — 0397 [15] 
49 025 0.193 [15] 
50 —03 — 0.244 fil] 
51 —006 0 468 [11] 
52 — 0.42 — 1.435 [11] 
53 — 016 0.222 [15] 
54 throridazine 0.24 0781 [25] 
55 chlorpromazine 1.06 0 422 [25] 
56 desipramine 12 0.420 [25] 
57 alprazolam 0.044 — 0.375 [25] 
58 codeine 0.55 0.543 [25] 
59 didanosine — 1.301 — 1296 [15] 
60 oxazepam 0.61 — 0.659 [25] 
61 verapamil —0.7 — 0.960 [25] 
62 trifluopromazine 1.44 outlier [25] 
63 theophylline — 0.29 — 0.955 [25] 
64 pentobarbital 012 — 0.535 [25] 
65 hyroxyzine 0.39 — 0.881 [25] 
66 midazolam 0.36 0.412 [25] 
67 promazine 1.23 0651 [25] 
68 physostigmine 0.079 0.380 [15] 
69 nevirapine 0 0.083 [15] 
70 mianserin 0.99 0 906 [17] 
71 Org-4428 0.82 1010 {17] 
72 Org-5222 1.03 0.614 [17] 
73 Org-12962 1.64 outlier D] _ 
74 Org-32104 0.52 0 066 [17] 
75 Org-30526 0.39 0.036 [17] 
76 murtazapine 0.53 0.506 [17] 
77 tibolone 04 0.911 [17] 
78 domperidone — 0.78 —0 586 [17] 
79 Org-34167 0 0.240 [17] 
80 risperidone —002 — 0.479 [17] 
81 9-OH-nsperidone —067 — 0 909 [17] 
82 BCNU —0.52 —0 191 [15] 
83 phenserine 1 0679 [15] 
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5. Statistical analysis using principal component 
analysis (PCA) and partial least squares discrim- 
inant analysis (PLS). 


Steps 3—5 were performed automatically by the VolSurf 
program. 


2.2. Dataset 


Log BB data for 83 radiolabeled compounds were 
compiled from the literature (Table 1) [10,11,14,15,17,24— 
26]. These values were blood/brain concentration ratios 
obtained in the rat at steady state: 


logBB = log(Cprain/Cotood) (1) 


The values within this dataset ranged from — 2.16 to 1.64. 
A basic assumption of the study was that BBB permeation 
was purely passive. 


2.3. Modelling of 3D molecular structures 
The 3D structure of the selected compounds (Fig. 1) were 


drawn starting from the Corina-built structures, and energy- 
optimized using the MMFF94s force field including 


MMFF94 partial atomic charges as implemented in Sybyl 
6.4 [27]. Minimization was performed in vacuo (e= 1) using 
BFGS and continued until the root-mean-square energy 
gradient was lower than 0.001 kcal/mol. All molecules were 
built in their neutral forms. Because it is impossible to model 
mixtures of stereoisomers in 3D and since VolSurf descrip- 
tors are achiral, only one of stereoisomer was modelled. 


2.4. Calculation of VolSurf descriptors and statistical 
analysis 


The MIFs were calculated using the water, DRY, and 
carbonyl probes available in the GRID program [28]. The 
GRID forcefield is indeed well suited to characterize puta- 
tive polar and hydrophobic interaction sites around target 
molecules. The water probe was used to simulate hydra- 
tion—dehydration processes, the hydrophobic (DRY) probe 
was used to simulate drug—membrane hydrophobic inter- 
actions, and the carbonyl probe was used to simulate drug— 
membrane H-bonding interactions [23]. Descriptors were 
then automatically generated by VolSurf. These descriptors 
refer to molecular size and shape, to size and shape of 
hydrophilic and hydrophobic regions, and to the balance 
between them. Hydrogen bonding, amphiphilic moments 
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Fig 1. Chemical structure of the compounds in the dataset 
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Fig. 1 (continued) 


and critical packing parameters are other useful descriptors 
(for a more detailed description, see Ref. [21]). 

PCA and PLS analyses were produced with the VolSurf 
program version 2.0.6. The number of significant latent 
variables and the quality of the models were determined 
using a leave-one-out cross-validation procedure (LOO-cv). 
In such a procedure, each compound is removed once from 

‘the dataset, and the remaining compounds are used to 
develop a new model, with which the left-out compound 
is then predicted. 


3. Results and discussion 
3.1. Preliminary BBB permeation model 


In a first investigation, VolSurf molecular descriptors 
were computed for the 83 compounds included within the 
dataset using the water, DRY and carbonyl probes, yielding 
72 descriptors. This led. for the 83 compounds to a four- 
component PLS model (Table 2; model 1), which explained 
about 65% of the total variance of the matrix. The predictive 
ability of the model was assessed by means of cross- 
validation (leave-one-out). A detailed inspection of the 
predicted residual plots showed several strong outliers (eight 


compounds) Removing compounds 12 and 45 (the same 
outliers as in previous studies [10,15,26] and compounds 62 
and 73 resulted for the 79 remaining compounds in an 
improved four-component PLS model (Table 2, model 1b). 
Compounds 62 and 73 were remove since a careful inspec- 
tion of the MIFs obtained with the DRY probe showed that 
the trifluoromethyl group was not well described by this 
probe. 


3.2. Final BBB permeation model and its interpretation 


A systematic examination showed that it was possible to 
use only the three lowest energy levels calculated with the 
water and DRY probes, and canceling the carbonyl probe. 
Indeed, the correlation matrix revealed that several descrip- 
tors generated from the carbonyl probe correlated with those 
obtained with the water probe. This observation is not too 
surprising since the water probe already accounts for the 
polarity of the studied compounds. 

As a result of these restrictions, the independent variables 
were reduced to 31 descriptors. The statistics of this new 
four-component PLS model (Table 2, model 2; Fig. 2) were 
similar to those of model 1b. The coefficient plot of this 
final model (Fig. 3) shows the contribution of the 31 
VolSurf descriptors. The vertical bars represent the contri- 
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Fig 1 (continued) 


bution of each single descriptor, a short bar denotng a 
minor contribution and a long bar a major one. The last bar 
on the right represents the dependent variable, i.e. log BB. 
The following conclusions can be drawn from this plot: 

e Descriptors of polarity such as hydrophilic regions 
(W1—W3) and capacity factors (CW1—CW3) are inversely 
correlated with BBB permeability. Their negative coeffi- 
cients are m line with the well-known fact that highly polar 
compounds have a very low BBB permeation. 

e The descriptors of hydrophobic interactions (D1—D3) 
are directly correlated with BBB permeation, althougt their 
positive contribution appears somewhat smaller than the 
negative contribution of the polar descriptors. These pos- 
itive contributions are in accordance with the fac. that 
lipophilic compounds penetrate relatively easily inb the 
brain. 

e The size and shape descriptors have no marked impact 
on BBB permeation except for rugosity, which correlates 
positively with BBB permeation, and globularity, -vhich 
correlates negatively. Rugosity is defined as the ratio o7 total 


Table 2 
Statistical properties of the models 


Model Training set r° (four LVs) ¢ 


I 83 compounds 72 0 68 050 
ib 79 compounds 72 078 065 
2 79 compounds 31 0 76 065 


N descriptors 


volume (Vio) over total surface (Sot), and it is smaller the 
more the object differs from a sphere. Globularity 1s defined 
as the ratio between Sot and the surface of a sphere of 
equivalent volume (Fot), and it is larger the more the object 
differs from a sphere. In other words, both descriptors 
indicate that compounds having a high rugosity and a low 
globularity will have a spherical shape and will be better at 
crossing the BBB. 


log BB exp 





log BB calc 


Fig. 2 Relationship between experimental and calculated BBB permeation 
using the four-component PLS model (Table 2, model 2) 
I t 


t 
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3.3. Application to two compounds in the dataset 


Here, we discuss in some detail two compounds to 
exemplify the interpretative value of the VolSurf model. 
These compounds are characterized by different BBB per- 
meation properties: 70 easily crosses the BBB while 59 does 
not. 

The scaled values of the descriptors (Fig. 4) show several 
trends: 


e The hydrophilic. descriptors (W1—W3, CWI- 
CW3) of 70 are lower than those of 59. 

e The hydrophobic descriptors (DI1—D3) of 70 are 
larger than those of 59. 

e Relative to 59, the rugosity of 70 is higher whereas 
the globularity is lower. 


A visual comparison of the MIFs calculated around 
compounds 59 and 70 with the water and DRY probes also 
shows several differences (Fig. 5). The dark gray zones 
represent the hydrophilic regions in Fig. 5 left, and the 
hydrophobic regions in Fig. 5 right. As can be seen, the 
hydrophilic regions generated around 59 are larger than 
those around 70 while the reverse holds for the hydrophobic 
regions. These results are in agreement with our above 
analysis of the PLS coefficient plot (Fig. 3), namely that 
the size of the hydrophilic regions is inversely correlated 
with BBB permeation whereas the opposite is true for the 
hydrophobic regions. Furthermore, 70 indeed has a more 
spherical shape than 59. 


3.4. Interest of the model in virtual screening of BBB 
permeation 


The four-component PLS model can also be used to 
perform a semiquantitative classification of compounds 
based on their permeation or nonpermeation of the BBB. 
Compounds having a log BB value >0 were classified has 





PLS coefficient (4LVs) 

















Fig. 3. PLS coefficient plot for the final model (Table 2, model 2) for the 
correlation of VolSurf descriptors with BBB permeation. 
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Fig. 4. Thirty-one VolSurf scaled descriptors calculated for compounds 59 
(didanosine, upper part) and 70 (mianserine, lower part). 


brain penetrators (BBB+) while those with a log BB value 
<0 were considered as not reaching the brain in sufficient 
concentrations (BBB — ). It is important to note that this 
cutoff is arbitrary and would have to be defined with a 
specific pharmacology in mind. Indeed, the cutoff value will 
depend on which are more damaging to the classification, 
false positives or false negatives. Eighty-five percent of the 
BBB - compounds and 79% of BBB+ compounds 
were correctly classified with a cutoff of 0. If more restric- 
tive cutoffs are chosen to define BBB — compounds (log 
BB « — 0.5) and BBB+ compounds (log BB>0.5), the mo- 
del correctly assign more than 90% of the BBB — com- 
pounds and 65% of the BBB+ compounds. 


4. Conclusion 


The model obtained in this study for the prediction of 
BBB permeation is relevant from a physiological point of 
view and is also in agreement with insights from other BBB 
permeation models. We show that VolSurf descriptors 
describing hydrophilic and hydrophobic properties are weli 
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Fig. 5. GRID 3D molecular interaction fields of 70 (upper part) and 59 (lower part) calculated with the water (right) and the DRY (left) probes. The zones 


shown are contoured at — 1 kcal/mol. 


suited to derive a PLS model able to discriminate good and 
poor BBB penetrators. Finally, we believe that a more 
robust model to predict log BB values could be obtained 
from BBB data measured by a single experimental pretocol 
and for compounds permeating by a purely passive mech- 
anism. 
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Abstract 


Expression of alternatively spliced mRNA variants at specific stages of development or in specific cells and tissues contributes to the 
functional diversity of the human genome. Aberrations in alternative splicing were found as a cause or a contributing factor to the 
development, progression, or mamtenance of various diseases including cancer. The use of antisense oligonucleotides to modify aberrant 
expression patterns of alternatively spliced mRNAs is a novel means of potentially controlling such diseases. However, to utilize antisense 
oligonucleotides as molecular chemotherapeutic agents, the global effects of these molecules need to be examined. The advent of gene 
expression array technology has now made it possible to simultaneously examine changes that occur in the expression levels of several 
thousand genes in response to antisense treatment. This analysis should help in the development of more specific and efficacious antisense 
oligonucleotides as molecular therapeutics. © 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Conservative estimates suggest that over 35% of all pre- 
mRNAs are spliced to yield alternative variants, the trans- 
lated products of which may have very different functions. 
An unexpectedly small number of human genes contrasted 
with the complexity of the expressed gene products suggests 
that alternative splicing may be even more frequent. This 
review will present examples of the association between 
deregulation of the process of alternative splicing and 
genetic diseases and cancer. In addition, the potential use 
of antisense oligonucleotides to modify splicing pathways 
as a molecular chemotherapy will be discussed. 


2. Aberrant splicing associated with disease 


How the cell decides which alternative splice site to 
utilize is not fully understood. However, it is generally 


Abbreviations. CFTR, cystic fibrosis transmembrane receptor; PARP, 
poly-ADP-nbose polymerase; RT-PCR, reverse transcription-polymerase 
chain reaction 
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believed that splice site selection is determined by competi- 
tion between splicing sequence elements for splicing factors 
during spliceosome assembly. See recent reviews for more 
detailed descriptions [1—4]. Aberrant splicing can result in 
deleterious consequences for the organism. In fact, approx- 
imately 15% of all mutations that cause genetic diseases 
result in defective splicing of pre-mRNA [5]. For example, 
aberrant pre-mRNA splicing occurs 1n genetic diseases such 
as p-thalassemia [6], cystic fibrosis [7], neurofibromatosis 
type 1 [8], ataxia-telangiectasia [9], and congenital lipoid 
adrenal hyperplasia [10]. Aberrant splicing events are also 
associated with neurological disorders [11] such as splicing 
of the IKBK AP pre-mRNA in familial dysautonomia [12]. 

Deregulated alternative splicing also results in the inap- 
propriate expression levels of correct splice variants, which 
leads to altered cellular processes. A variety of cancers 
express an altered ratio of specific splice variants, suggesting 
that splice site selection is aberrantly regulated in cancer 
cells. For recent reviews, the reader is referred to Refs. 
[13,14]. Table 1 gives examples of some alternatively spliced 
pre-mRNAs and several cancers that are associated with 
specific splice variants. Many cancer-related alternatively 
spliced genes are associated with control of cellular signal- 
ing, proliferation, cell cycle, apoptosis, and DNA double- 
strand break repair. While the exact functions of many of the 
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Table 1 
Alternatively spliced pre-mRNAs and examples of some cancers harboring 
specific splice variants 





pre-mRNA Example of cancers harboring 
specific variants (refs ) 


ghoblastoma [55-57] 








Proliferation/ FGFRI 


signaling FGFR2 prostate [58 —60] 
FGFR3 colorectal [61] 
FGFR4 gastric, colon, pancreatic [62] 
CD44 various [63 —66] 
BDNF neuroblastomas [67] 
HER2 various, including gastric [68], breast [69] 
Trx-1 various [70] 
PTPN6 acute myeloid leukemia [71] 
Cell cycle/ Bel-x various, mcluding prostate [72], 
apoptosis ovarian [73], leukemia [74] 
Bax various [75], including breast [76—78] 
FHIT various [79], including renal cell [80], 
lung [81] 
p73 neuroblastomas [82], ovarian [83], 
breast [84] 
mdm2 astrocytoma [85], ovarian, bladder [86], 
breast [87] 
WTI Wilms’ tumor and leukemias [88—90] 
DNA excision’ BRCAI breast, ovarian [91] 
repair BRCA2 breast [92] 
XPG lung [93,94] 





The pre-mRNAs are organized according to cellular function. Listed to the 
right of the pre-mRNA are some types of cancers that specific splice 
variants of the pre-mRNAs have been detected in (either in cell lines or m 
tissues from cancer patients) 


cancer-related alternative splice variants are unknown, it 
seems likely that the shift in splicing results in variants that 
impart an increased survival capability on the cell. It there- 
fore seems that manipulating the splicing pattern of those 
pre-mRNAs can be effective as a means to control a variety 
of diseases, including cancer. 


3. Control of splice site selection by antisense 
oligonucleotides 


To control pre-mRNA splicing patterns, antisense oligo- 
nucleotides must hybridize with specific splice sites and 
block spliceosome formation at the targeted splice site. This, 
because of the flexibility of splicing machinery, does not 
result in total inhibition of splicing, but in a shift of the 
spliceosome to another splice site. As a consequence, an 
alternative splicing pattern is established or a normally used 
alternative splice site is used with increased efficiency. It has 
been shown in this and other laboratories that antisense 
oligonucleotides modify the splicing patterns of pre-mRNAs 
that harbor aberrant splice sites or aberrant sequence elements 
involved in splicing. For example, antisense oligonucleotides 
have been used to restore correct pre-mRNA splicing patterns 
of B-globin in ®-thalassemia [15-21] and cystic fibrosis 
transmembrane receptor (CFTR) mn cystic fibrosis [22]. 
Antisense oligonucleotides have also been used to induce 


an alternative splicing pattern in a dystrophin pre-mRNA in 
Duchenne’s muscular dystrophy [23,24] and affect the level 
of expression of Bcl-x splice variants in cancer cells [25,26]. 

In order to use antisense oligonucleotides to shift splicing 
patterns, the oligonucleotides must be stable in serum, 
produce high Tm and RNase H resistant oligonucleotide- 
RNA duplexes, and have the ability to enter the nucleus (the 
site of pre-mRNA splicing). This is accomplished by 
modification of the chemistries of oligonucleotide sugars, 
mternucleotide linkages, and nucleotide bases. Examples 
include substitution of the 2'-hydroxyl with O-methyl, O- 
methoxyethyl, and O-aminopropyl residues or derivatives 
such as morpholino, N3'—P5' phosphoroamidate, peptide 
nucleic acids, and methylphosphonate molecules. For a 
more detailed review, see Ref. [13]. In order to deliver the 
oligonucleotides to the nucleus, oligonucleotides have con- 
ventionally been complexed with cationic lipids. However, 
more recently, it has been found that several of the modified 
oligonucleotides have the ability to enter the nucleus with- 
out the aid of cationic lipids [17]. 


4. Modification of splicing in cancer-related pre-mRNAs 


Many cancer-related pre-mRNAs that undergo alterna- 
tive splicing are associated with apoptosis. Frequently, their 
splice variants have opposing functions 1n either promoting 
or preventing apoptosis. For reviews, see Refs. [13,14,27]. 
Thus, it appears that altered splicing patterns of many pre- 
mRNAs in neoplastic cells may impart an augmented 
capability of cellular survival. It then follows that modifi- 
cation of these splicmg patterns may inhibit cancer cell 
growth and provide anticancer treatments. An antisense 
oligonucleotide-induced shift in splicing may be particularly 
effective because in this approach, lowering the level of an 
anti-apoptotic splice variant should simultaneously increase 
the levels of its pro-apoptotic counterpart. Recent results 
illustrating the effects of modification of splicing of a 
cancer-related gene, Bcl-x, are described below. 

Bel-x is an alternatively spliced member of the Bcl-2 
family of apoptotic proteins. Use of the downstream alter- 
native 5’ splice site within exon 2 results in Bcl-xL mRNA; 
the translated Bcl-xL protein has anti-apoptotic functions. 
Use of the upstream alternative 5’ splice site within exon 2 
results in Bcl-xS protein, which promotes apoptosis. These 
two proteins appear to play critical roles during proper 
development. For example, Bcl-xL may contribute to the 
long-term survival of mature neural structures, while Bcl-xS 
may be important for the higher turnover rates of immature 
thymocytes undergoing selection [28]. In addition to con- 
tributing to the normal development of an organism, Bcl-xL 
is overexpressed in a number of human cancers such as 
multiple myeloma [29], small cell lung cancer [30], and 
breast cancer [31] and may render cells resistant to chemo- 
therapeutics [32,33]. On the other hand, Bcl-xS inhibits pro- 
survival functions of Bcl-xL and Bcl-2 [28]. Two recent 
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Fig 1 Bel-x pre-mRNA ss alternatively spliced to yield two products with 
opposing functions (A) Alternative splicing pathways for Bcl-xL (anti- 
apoptotic) and Bel-xS (pro-apoptotic) Dashed line, Bcl-xS alternative 
splicing pathway, dotted lme, Bcl-xL alternative splicing pathway; boxes, 
exons; line, introns; short bar below 5’ splice site, antisense oligonucleotide 
designed to shift the splicing pathway from Bcl-xL to Bcl-xS. (B) RT-PCR 
results RNA isolated from PC3 cells transfected with 5’ Bcl-x AS exhibited 
a dose dependent shift in splicing from Bcl-xL to Bcl-xS RNA isolated 
from PC3 cells treated with random oligonucleotide (negative control) did 
not show this shift in splicing (figure was modified from Ref [26]) 


papers report the use of antisense oligonucleotides in 
modification of splicmg of Bcl-x pre-mRNA (Fig. 1A) 
[25,26]. 

Taylor et al. [25] targeted a 2'-O-methoxyethyl phosphor- 
othioate oligoribonucleotide to a sequence adjacent to the 
alternative 5' splice site of Bcl-xL pre-mRNA expressed in a 
human lung cancer epithelial cell line, A549. Transfection 
of the cells with the oligonucleotide in a complex with a 
cationic lipid delivery agent resulted ın an increase of the 
pro-apoptotic Bcl-xS and a decrease in the anti-apoptotic 
Bcl-xL splice variants. However, in spite of the changed 
ratio of pro- and anti-apoptotic proteins, the treatment did 
not induce apoptosis in the cells. The increase in Bcl-xS and 
decrease in Bcl-xL did sensitize the cells to two different 
apoptosis inducers, cisplatin, and irradiation. 

We have reported the use of 2'-O-methyl phosphoro- 
thioate oligonucleotide (5’Bcl-x AS) targeted to the alter- 
native 5' splice site of Bcl-xL in prostate (PC3) and breast 
(MCF7) cancer cell lines [26]. The shift in splicing (Fig. 1B) 
resulted in a marked decrease in cell viability and increased 
apoptosis in both cell lines as determined by colony for- 
mation and poly-ADP-ribose polymerase (PARP) assays. 
Interestingly, the extent and time course of induction of 


apoptosis, as determined by PARP cleavage, was lower and 
slower in the MCF7 compared with PC3 cells (Fig. 2A). In 
addition, the extent of overall cell death, as determined by 
colony formation, was lower in MCF7 cells than in PC3 
cells (Fig. 2B). 

The differences observed in the cellular responses to 
S'Bcl-x AS treatment were also seen in their sensitization to 
chemotherapeutic agents. 5'Bcl-x AS treatment was less 
effective in sensitizing MCF7 cells to various chemother- 
apeutic agents than it was in PC3 cells. For example, PC3 
cells treated with 5’Bcl-x AS were approximately three 
times more sensitive to 5-fluorouracil than cells treated with 
a negative control, randomized oligonucleotide. The same 
treatment of MCF7 cells resulted in 1.5 fold sensitization. A 
similar relationship held true for the sensitization of PC3 
and MCF7 cells to several other chemotherapeutic reagents 
(Mercatante and Kole, unpublished data). 

The above results show that altering splicing patterns has 
different effects depending upon the cellular milieu. We 
hypothesized that Bcl-2 could be a likely candidate to mod- 
ulate cellular responses to 5’Bcl-x AS. This anti-apoptotic 
gene is up-regulated in many cancers and provides resistance 
to various chemotherapeutic agents. Furthermore, it is highly 
expressed in MCF7 cells. However, culturing MCF7 ceils in 
media with charcoal stripped serum to downregulate Bcl-2 to 
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Fig. 2 Shifting splicing from Bcl-xL to Bcl-xS induced apoptosis. PC3 and 
MCF7 cells were transfected with 5'Bcl-x AS at concentrations that yielded 
approximately 55% shift in splicing (0.08 uM for PC3 and 0 4 uM for 
MCFT7). (A) Examination of the amount of PARP cleaved (an indicator of 
apoptosis) showed that 5'Bcl-x AS induced apoptosis faster and to a greater 
extent in PC3 cells than in MCF7 cells (figure was modified from Ref [26]) 
(B) Treatment with 5'Bcl-x AS also decreased cell viability (measured by 
colony formatton as a percentage of mock treated cells) to a greater extent 
In PC3 cells versus MCF7 cells 
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levels below those in PC3 cells did not increase apoptosis and/ 
or cell death of 5'Bcl-x AS treated MCF7 cells [26]. Similar 
analysis of several other genes suggested that the endogenous 
levels of Bcl-x itself may be a more significant indicator of the 
effectiveness of 5'Bcl-x AS on inducing apoptosis (Merca- 
tante and Kole, unpublished data). 

The above analysis was limited to a several probable 
candidates and was carried out with one gene at the time. 
Recent developments in gene array technology allow simul- 
taneous analysis of vast numbers of genes and identification 
of the important ones, which may have not been predicted 
by the existing data. For example, Cho et al. [34] found that 
antisense oligonucleotides designed to affect one gene also 
affected the expression of several other genes. Targeting 
these genes may enhance the biological effects of the 
original treatment and provide new insights into the devel- 
opment of combinations of antisense chemotherapeutics 
based on the molecular actions of the drugs. Furthermore, 
it may be possible to determine whether the antisense 
oligonucleotide treatment is clinically appropriate (i.e., does 
the treatment alter other genes in a way that enhances the 
desired effect while minimizing unwanted side effects). 


5. Gene expression changes in response to antisense 
treatment 


In the field of cancer research, gene arrays have been 
recently used to gain insight to the molecular basis of the 
disease [35,36]. Examples of this include determination of 
genetic changes associated with the progression of cancer 
[37,38] and with under- or over-expression of key proteins 
in cancer cells [39—41]. Identification of key genes that are 
up-regulated in more advanced cancers may indicate good 
targets for downregulation by antisense oligonucleotides. 
Gene expression array-based analyses have also identified 
changes that occur in response to various cancer treatments 
[42] and those responsible for resistance to therapeutics 
[43—45]. The data from experiments such as these may be 
used to tailor specific treatments to individuals that exhibit 
certain expression profiles. 

Microarray analysis of gene expression showed that anti- 
sense oligonucleotides targeted to the RIa subunit of PKA 
not only induced downregulation of the targeted mRNA, but 
also induced changes in various other genes [34]. These 
changes were similar in two different cell lines, indicating 
that the treatment affected similar genomic pathways. This 
was expected since RIa antisense treatment in various other 
cancer cells resulted in similar anti-proliferative effects [46]. 
Since PC3 and MCF7 cells responded to 5'Bcl-x AS 2’-O- 
methyl phosphorothioate oligonucleotide treatment differ- 
ently [26], we have recently carried out cDNA. microarray 
experiments to examine gene expression patterns induced in 
both cell lines 1n response to the treatment. 

PC3 and MCF7 cells were transfected with 5’Bcl-x AS, 
complexed with transfection reagent, at concentrations that 


yielded approximately 55% shift in splicing from Bcl-xL to 
Bcl-xS, (i.e. 0.08 uM for PC3 and 0.4 uM for MCF7). As a 
negative control, cells were treated in parallel with the same 
respective concentrations of random oligonucleotides (see 
Ref. [26] for a more detailed description of the treatment). 
At 36 h post transfection, total RNA was isolated from 
5'Bcl-x AS and random oligonucleotide treated cells then 
labeled with Cy3 or Cy5, respectively. The labeled probes 
were co-hybridized to gene microarrays containing approx- 
imately 10,000 cDNAs fixed to a glass slide (University of 
North Carolina at Chapel Hill Genomics Core Facility). The 
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Fig 3 Expression profiles of genes in MCF7 and PC3 cells treated with 
S'Bclx AS Cells were treated with 5'Bcl-x AS at concentrations that 
yielded approximately 55% shift in splicing (0 08 uM for PC3 and 0 4 uM 
for MCF7) or random oligonucleotide (0 08 uM for PC3 and 0 4 uM for 
MCF7). RNA was isolated 36 h post transfection, labeled with Cy3 or Cy5 
dyes, and hybridized to human cDNA microarrays harboring approximately 
10,000 cDNAs (both random oligonucleotide and 5'Bcl-x AS treated RNA 
from the same cell line were hybridized together) After sorting through the 
resulting data to discard any poor quality spots using Gene Pix Pro 
software, the intensity of the Cy3 (5’Bcl-x AS treated cells) and Cy5 
(random oligonucleotide treated cells) signals were plotted against each 
other for each cDNA spot (approximately 7000 cDNAs are plotted for each 
cell line) Scatter plots show that the expression profiles are different for 
PC3 (A) and MCF7 (B) 5’Bcl-x AS treated cells. 
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analysis indicated that expression levels of approximately 
308 genes in PC3 cells and 518 in MCF7 cells were altered 
more than 2.5-fold in antisense treated versus random 
oligonucleotide treated cells. Scatter plots of the results 
(Fig. 3) indicate that gene up-regulation was more pro- 
nounced in MCF7 cells. The significance of this observation 
is as yet not clear. 

While it appears that many genes were differentially 
regulated in the two cell lines, we identified several genes 
that displayed similar expression patterns. For example, 
cDNA microarray analysis showed that the apoptosis-related 
genes Mcl-1, Bak, and Bax remained unaltered in response to 
5'Bcl-x AS treatment in both MCF7 and PC3 cells. This is in 
agreement with the results obtained by RNAse protection 
assays that showed no significant changes in expression of 
these mRNAs in response to 5'Bcl-x AS in either cell line 
(Mercatante and Kole, unpublished data). 

Further examination of genes with altered expression 
levels in response to 5'Bcl-x AS treatment showed changes 
specific to each cell line. The list of a few selected genes 
(Table 2) indicates that they are involved in apoptosis, cell 
signaling, nucleic acid and protein synthesis, cell structure, 
and ion transport. One gene, Daxx (death associated protein 
6), which codes for a protein with pro-apoptotic functions 
and transcriptional repressor functions [47—50], was upre- 
gulated in PC3 cells but downregulated in MCF7 cells. It is 
possible that upregulation of Daxx in PC3 cells stimulates 


Table 2 
Differentially regulated genes in PC3 and MCF7 cells after treatment with 
5'Bcl-x AS 





Gene MCF7 PC3 


Apoptosis Daxx 
Signaling/ Met proto-oncogene 
proliferation/ TNFRSF8 
structural S100-calcium 
binding protein A10 
DUSP6 
Dynem 
Fibnnogen-like 1 
Tubulin, beta 5 
Solute carrier family 25 
Solute carrier family 18 
Potassium 
voltage-gated channel 
Calcium channel, 
voltage dependent beta 
Transcription factor 4 
RNA polymerase II + E 
Eukaryotic translation + _ 
initiation factor, eIF2 





tto! 
l 


+ 


Ion transport 


*o6-o-| 


+ 
° 


+ 
° 


Protem/nucleic 
acid synthesis 





Gene microarray analysis uncovered several differentially regulated genes 
in MCF7 and PC3 cells post 5'Bcl-x AS treatment After sorting out poor- 
quality spots, the remaming cDNA spots were analyzed for differential 
expression patterns The table lists some genes that were altered greater 
than 2.5-fold after 5'Bcl-x AS treatment Genes are organized in classes of 
function. Upregulation of genes after treatment with 5’Bcl-x AS, (+), 
downregulation, (—), unchanged, (0). 


pro-death pathways that lead to a more rapid and effective 
means of 5'Bcl-x AS-induced apoptosis. Another candidate 
gene, c-met proto-oncogene, is involved in rendering cancer 
cells resistant to apoptotic stimuli [51,52]. Higher expres- 
sion levels of c-met correlate with decreased rates of 
remission in oropharyngeal cancer [51]. Expression levels 
of c-met were downregulated in PC3 but not in MCF7 cells 
treated with 5’Bcl-x AS. Thus, it is possible that down- 
regulation of this gene in 5'Bcl-x AS treated PC3 cells helps 
to activate apoptotic pathways. 

Other differentially expressed genes were involved in 
nucleic acid and protein synthesis. For example, RNA 
polymerase II, transcription factor 4 was upregulated in 
MCFT cells but unchanged in PC3 cells. RNA polymerase II 
and eukaryotic translation initiation factor, eIF2, were 
upregulated m MCF7 cells but downregulated in PC3 cells 
treated with 5’Bcl-x AS. One interpretation of these results 
is that the MCF7 cells are compensating for the insult 
caused by the shift m splicing from Bcl-xL to Bcl-xS by 
increasing the synthesis of new nucleic acids and proteins. 
On the other hand, PC3 cells are turning off synthesis of 
new nucleic acids and protein as they halt the cell cycle and 
prepare to commit cell suicide. 

The differentially expressed genes discussed above are 
examples of how an antisense oligonucleotide can cause 
changes in many genes. It will be important for the future of 
antisense technology to be able to identify changes in gene 
expression and identify those that are essential for produc- 
ing desired antisense effects versus undesirable ones. Micro- 
array technology will enable researchers to examine these 
changes in gene expression on a global scale. 


6. Conclusion 


Although to date, there are no clinical trials with anti- 
sense oligonucleotides being used to shift splicing, there are 
several clinical trials in progress that examine the therapeu- 
tic potential of antisense oligonucleotides to downregulate 
cancer-related genes [53,54]. Preliminary results suggest 
that oligonucleotides will be valuable molecular chemo- 
therapeutics. Particularly interesting, however, is the use of 
antisense oligonucleotides to modify splicing patterns since 
it ıs estimated that a great majority of pre-mRNAs undergo 
alternative splicing, frequently resulting in products with 
antagonistic functions. 

Changing the expression of a target gene 1s very likely to 
affect the expression of other genes thereby resulting m an 
altered cellular response. Examination of the gene expres- 
sion profiles of antisense oligonucleotide treated cells will 
provide insight to the genetic mechanisms involved in 
eliciting the desired effect. Those results may be used in 
many aspects of drug development, including but not 
limited to the development of new combinations of chemo- 
therapeutics, identification and development of safer chemo- 
therapeutics, and identification of novel gene targets. 
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Abstract 


Uridine, a pyrimidine nucleoside essential for the synthesis of RNA and bio-membranes, 1s a crucial element in the regulation of normal 
physiological processes as well as pathological states. The biological effects of uridine have been associated with the regulation of the cardio- 
circulatory system, at the reproduction level, with both peripheral and central nervous system modulation and with the functionality of the 
respiratory system. Furthermore, uridine plays a role at the clinical level m modulating the cytotoxic effects of fluoropyrimidines in both 
normal and neoplastic tissues. The concentration of uridine in plasma and tissues is tightly regulated by cellular transport mechanisms and by 
the activity of uridine phosphorylase (UPase), responsible for the reversible phosphorolysis of uridine to uracil. We have recently completed 
several studies designed to define the mechanisms regulating UPase expression and better characterize the multiple biological effects of 
uridine. Immunohistochemical analysis and co-purification studies have revealed the association of UPase with the cytoskeleton and the 
cellular membrane The characterization of the promoter region of UPase has indicated a direct regulation of tts expression by the tumor 
suppressor gene p53. The evaluation of human surgical specimens has shown elevated UPase activity in tumor tissue compared to paired 


normal tissue © 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction: physiological and biological role of 
uridine 


Pyrimidines are synthesized de novo in mammalian cells 
through a multistep process starting from glutamine and 
carbon dioxide to form, the pyrimidine ring in the second to 
last intermediate, orotic acid, which is then converted to its 
nucleotide form in the presence of PRPP. From the degra- 
dation of the nucleic acids and nucleotides a large portion of 
the pyrimidines are salvaged. The relatrve contribution of de 
novo synthesis and salvage pathway to the maintenance of 
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phate kinase; NTP, nucleotide triphosphates 
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the nucleotide pools varies in different cells and tissues [1]. 
A crucial difference between purine and pyrimidine metab- 
olism is that purmes are recycled from their bases while 
pyrimidines are salvaged from their nucleosides, particularly 
uridine. In fact, in patients with deficient pyrimidine biosyn- 
thesis, only uridine is able to overcome this pathological 
manifestation but uracil is not [2]. 

The concentration of circulating plasma uridine of 
approximately 3-5 uM is tightly regulated throughout 
different species and individuals [3—5]. The liver appears 
to have this homeostatic control on undine degradation and 
formation [6]. Uridine is essentially cleared in a single pass 
through the liver and it is replaced in a highly regulated 
manner by “new uridine” formed by de novo synthesis [6]. 
We have previously reported the cellular basis for the 
catabolic component of this apparent paradox by the dis- 
sociation of the liver into two cell fractions, hepatocytes and 
a nonparenchymal cell population. Suspensions of the non- 
parenchymal cells were shown to rapidly cleave uridine to 
uracil, while in hepatocytes, this activity was barely detect- 
able. Conversely, hepatocytes caused extensive degradation 
of uracil to B-alanine. These differences correlated with the 
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uridine phosphorylase (UPase) and dihydrouracil deaydro- 
genase activity present in each cell type [7]. 

Besides the critical role of uridine in the synthesis of 
RNA and bio-membranes, through the formation of pyrimi- 
dine-lipid and pyrimidine-sugar conjugates, experimental 
and clinical evidence suggests a role for uridine in regulat- 
ing a series of biological functions [8]. 

Unidine and its nucleosides have shown a complex effect 
in the regulation of vascular resistance, producing opposing 
effects in some tissues, either by acting directly on the 
smooth muscle cells or by stimulating the surrounding 
endothelial cells [9]. 

Uridine ıs present in the seminal fluid at milimolar 
concentrations, a level that is approximately three orders 
of magnitude higher compared to other body fluids or 
tissues [10]. The presence of such a high uridine concen- 
tration and its correlation with sperm motility suggests a role 
of uridine in spermatogenesis [11]. Furthermore, a low level 
of uridine in prostatic secretions of patients with prostatitis 
also indicates a possible role of this nucleoside in the 
etiology of this disease [11]. 

In the area of the peripheral nervous system, uridine 
appears to have a modulatory role. It has been shawn to 
hyperpolarize amphibian ganglia and rat superior cervical 
ganglia at submillimolar concentrations, possibly resulting 
in an inhibitory activity [12]. Several clinical observations 
indicate the crucial function of pyrimidine nucleoside sal- 
vage in the maintenance of normal CNS activity [13,14]. In 
the treatment of a form of autism with seizures, oral uridine 
administration has led to improvement in speech, behavior 
and decreased frequency in seizures [15]. Deficiencies in the 
catabolism of pyrimidines due to impaired activity of one of 
the steps in the catabolic pathway, such as dihydropyrimi- 
dine dehydrogenase or B-ureidopropionase, have resulted in 
autism, convulsions, mental retardation and decreased motor 
coordination [14]. 

In animal models, uridine has been shown to potentiate 
dopaminergic transmission and reduce anxiety [16]. Uridine 
has been documented as a sleep-inducing factor in rats and 
shown to increase the activity of barbiturates [17,18]. In 
mice and rats, high doses of uridine cause a dramatic 
reduction in body temperature [19]; whereas uridine iaduces 
fever in human and rabbits [20,21]. The co-administration 
of an inhibitor of UPase, benzylacyclouridine (3AU), 
almost completely prevented the effect on thermoregulation, 
suggesting that a pyrimidine catabolite, possibly B-alanine, 
could alter the control of the body temperature [21]. 

Aside from the ‘physiological’ effects that we have just 
briefly outlined, uridine appears to have remarkable func- 
tions in tissues under stress or pathological situations.and in 
the clinical setting. In hearts subjected to ischemia, perfu- 
sion with uridine rapidly restored myocardial ATP levels, 
Blycogen and UDPG [22]. Similarly, uridine perfusion 
resulted in the maintenance of brain metabolism during 
ischemia or severe hypoglycemia [23,24]. Furthermore, 
uridine induced recovery from neuronal degeneration pro- 


duced by diabetic neuropathy [25]. Uridine has been used as 
a 'rescue' agent in cancer therapy to decrease bone marrow 
and gastrointestinal toxicity, following 5-fluorouracil-based 
drug regimens [4,26—31]. In combination with BAU, uri- 
dine has shown some activity in reducing neurotoxicity and 
the effects on the bone marrow of AZT during treatment for 
HIV infections [32]. 


1.1. Role of UPase on the pharmacological activity of 
uridine 


Plasma and intracellular concentrations of uridine are 
regulated by the catabolic activity of UPase and by two 
transport mechanisms, facilitated diffusion and Na" -de- 
pendent active transport. UPase catalyzes the reversible 
phosphorolysis of uridine and to a lesser degree of thymi- 
dine. It also cleaves pyrimidine 2'- and 5'-deoxyribosides at 
a much lower rate [33—37]. UPase is present m most tissues 
and in tumors, where its activity 1s generally elevated 
[33,35,38]. The mammalian enzyme appears to be a tetra- 
meric protein with subunits of approximately 33,000 molec- 
ular weight. Initial velocity and product inhibition studies 
suggest an ordered bi-bi mechanism where Pi binds first 
before uridine and ribose-1-phosphate is released after uracil 
[39]. UPase plays an important role in the homeostatic 
regulation of uridine concentration in plasma and tissues 
[22-25] as well as affects activation and catabolism of 
fluoropyrimidines influencing their therapeutic capacity 
[40—43]. The expression of UPase has been shown to be 
induced in different tumor cell lines, such as Colon 26 and 
HCT-116, when in the presence of cytokines: TNF-a, IL-la 
and IFN-a and y, and vitamin D3; [44-46]. A similar 
response to cytokines has been observed for thymidine 
phosphorylase (TPase) [47]. Induction of UPase expression 
has also been reported in c-H-ras transformed NIH 3T3 cells 
[48]. In a murine model, hepatic UPase has been found to 
follow a circadian rhythm which was the inverse of that for 
plasma uridine concentration, re-emphasizing its role in the 
regulation of blood uridine level and suggesting its possible 
involvement in the humoral control of sleep [49]. 

A misconception surrounds the role of UPase and TPase. 
Some literature reports UPase as the pyrimidine nucleoside 
phosphorylase in murine tissues and TPase the main phos- 
phorolytic enzyme in human tissues [50]. UPase, however, 
has been shown to be present in all human tissues and 
tumors, whereas TPase activity has been found reduced or 
absent in many human tumors [4,17,26,27,33,35,40,51 —54]. 


1 2. "Rescue" of 5-fluorouracil toxicity 


As previously mentioned, UPase has a critical role in 
regulating the concentration of uridine in plasma and 
tissues. À number of clinical studies have demonstrated 
the ability of uridine to reduce 5-FU toxicity, without 
affecting its antitumor activity, if properly administered 
18—24 h following the cytotoxic agent [26—29]. 
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The combination ‘rescue regimens’ of 5-FU plus uridine 
were initially proposed to evaluate the hypothesis that the 
antitumor effect of 5-FU is primarily due to the inhibition of 
thymidylate synthase and the host toxicity caused by the 
incorporation of the fluoropyrimidine into RNA [55]. In 
vivo studies in a murine model [56] and in vitro data [57] 
have clearly indicated that the incorporation of 5-FU into 
RNA appears to be the major cause of gastrointestinal 
toxicity. Results show that uridine inhibited the incorpora- 
tion and avoided the cytotoxic effect, whereas thymidine did 
not prevent 5-FU toxicity. Furthermore, a recent study has 
indicated that the p53-dependent apoptosis induced by 5-FU 
in intestinal cells was reduced by uridine administration but 
not by thymidine [58]. 

Because of its low oral bioavailability and a rapid half- 
life, large doses of uridine are necessary to achieve clinically 
relevant concentrations in plasma causing moderate to 
severe toxicity mcluding severe diarrhea as dose-limiting 
toxicity [4,20]. On the other hand, infusion of uridine has 
resulted in fevers, phlebitis, cellulitis, superior vena cava 
syndrome, torpor and corfusion, and precluded an extensive 
clinical use [20,59]. Nevertheless, clinical studies of 5-FU in 
combination with methotrexate and PALA, have shown that 
patients tolerated combination therapy with delayed uridine 
(infused over a 72-h period starting 2 h after 5-FU admin- 
istration, 3 h on and 3 h off) up to a weekly dose of 750 mg/ 
m? of 5-FU, with 25% experiencing moderate mucositis 
(grade ID. In a previous clinical trial without uridine, four 
out of six patients could not tolerate a 600 mg/m? dose of 5- 
FU because of mucositis, diarrhea and a decrease in per- 
formance status. In another study, 5-FU treatment could be 
continued with delayed administration of uridine at a 
weekly dose of 5-FU, which alone caused dose-limiting 
myelosuppression. In most of the patients who had previ- 
ously developed leukopenia, the WBC increased markedly 
despite continued 5-FU administration [59]. In a more 
recent study of high-dose 5-FU with doxorubicin, high-dose 
methotrexate and leucovorin, oral uridine administration 
allowed for dose intensification of 5-FU with a 33% 
Increase in the MTD of 5-FU in the presence of doxorubicin 
and a 45% increase in 5S-FU MTD without doxorubicin [60]. 
No responses were obtained in patients with gastric cancer 
(0/11) when uridine was administered 2 h after 5-FU, 
however 2/3 patients responded with the 24-h uridine delay. 
This last regimen, with a 24-h interval between the admin- 
istration of 5-FU and uridine, ensured rescue from 5-FU- 
induced hematologic toxicity without adverse impact on 
tumor response [60]. As indicated 1n pre-clinical studies, 
properly delayed uridine rescue results 1n a faster clearance 
of 5-FU from RNA of bone marrow and tumors and 
enhancement of the rate of recovery of DNA synthesis only 
in the bone marrow [37]. 

Our laboratory has shown that the problem of a rapid 
disposition of uridine and the administration of large doses 
of the nucleoside could be overcome by utilizing inhibitors 
of UPase, such as BAU, to conserve endogenous uridine 


with consequent elevation of its concentration in plasma and 
tissues. This approach has resulted in the reduction in 
animal models of host toxicity, while maintaining the 
antineoplastic effect of 5-FU [34]. A phase I clinical trial 
of oral BAU administered as a single agent has shown the 
ability of this inhibitor to elevate 2—3-fold the plasma 
uridine concentration with no significant host toxicity in 
patients [3]. 


1.3. Tri-O-acetyluridine (TAU) 


A new agent 2',3',5'-tri-O-acetyluridine (TAU; PN 401) 
has been tested recently in a clinical trial to rescue 5-FU 
toxicity. TAU is a uridine pro-drug, the presence of the 
acetyl groups increases the hydrophobicity, therefore 
enhancing the gastrointestinal transport and bioavailability, 
and protecting this agent from the catabolism by UPase. 
Uridine is then progressively released by plasma esterases 
resulting in sustained delivery over time without most of the 
side effects of uridine administration. The sustained elevated 
level of uridine, up to 50 uM. in plasma, has allowed a dose 
escalation of 5-FU, administered as a rapid intravenous 
bolus weekly for 6 weeks, from 600 to 1000 mg/m. Still, 
an oral dose of 6 g of TAU at 6-h intervals was necessary to 
produce significant uridine levels [61]. 


2. Regulation of uridine homeostasis: transport 
mechanisms 


Besides catabolism by nucleoside phosphorylase activity, 
the intracellular concentration of uridine is regulated by its 
transport through the cell membranes. A facilitated-diffu- 
sion mechanism, which equilibrates intracellular and extrac- 
ellular uridine, has been considered for many years to be 
responsible for intracellular uridine concentration. This non- 
energy dependent process displays broad substrate specific- 
ity toward synthetic and naturally occurring pyrimidine 
nucleosides [62—65]. In addition to competition between 
functional substrates, the facilitated diffusion of nucleosides 
present in most cell lines can be reversibly inhibited by 
compounds such as dipyridamole and nitrobenzylthioino- 
sine [66]. Studies by Belt [67,68] have revealed that the 
facilitated diffusion mechanism in cell lines can be distin- 
guished by the sensitivity to inhibition by NBMPR or 
dipyridamole. Recently, both transporters, NBMPR-sensi- 
tive (es) and NBMPR-insensitive (ei) have been cloned and 
characterized [69,70]. 

In addition to the non-concentrative facilitated diffusion 
mechanism, renal and gut epithelial cells were shown to 
possess a Na” -dependent transporter for nucleosides [71— 
77]. Our laboratory revealed the potential physiological 
significance of this Na * -dependent transport system by 
the finding that concentrations of undine in a variety of 
freeze-clamped normal murine tissues far exceeded the 
concentration of uridine in the plasma. We were able to 
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demonstrate that BAU generated concentrations of uridine 
in selected tissues that were as much as 50—100 times that 
in control plasma [34]. The concentrative system in liver, 
kidney and gut appears to have different substrate specificity 
than in lymphoid cells (spleen or thymus). In addition, we 
have demonstrated the generality of the expression of a 
concentrative, active transport mechanism for uridine in a 
variety of normal murine tissues [53]. These observations 
changed the perception of the Na * -dependent uridine trans- 
port process from a rate phenomenon observed 1n isolated 
cells to a major physiological effect that afforded therapeutic 
opportunities considering that the intracellular concentra- 
tions of undine in a wide variety of neoplastic cell lines did 
not exceed those in the media. It has been shown that some 
lines express the concentrative mechanism to a very limited 
degree [78] but that it is overwhelmed by the equilibration 
of nucleoside achieved by an active facilitated diffusion 
mechanism. At this moment, five major Na” -dependent 
active transport systems have been isolated: (1) the purine 
selective N1 system, or cif, shown to be present in rat 
intestinal epithelium, mouse enterocytes and lately in human 
kidney [79—82]; (2) the pyrimidine selective N2 system or 
cit described by Jarvis and Griffith [83], present in rabbit 
small intestine with selectivity for pyrimidine nucleosides 
and adenosine; (3) the N3 transport system (cib) isolated in 
rat jejunum sensitive to inhibition by both purine and 
pyrimidines [84]; (4) the N4 transport system, expressed 
in human kidneys, which is 1dentical to the N2 system in 
substrate specificity [85]; and the N5, a cs transport system, 
found in freshly isolated human leukemia cells [86]. 


3. UPase: clinical, biological and regulation update 


Over the past few years, we have focused on the role of 
UPase in regulating uridine metabolism and its intracellular 
levels in normal and neoplastic tissues and on the mecha- 
nisms controlling the expression and localization of UPase. 
We have determined that the activity of UPase 1s elevated in 
tumors as compared to their normal tissue counterpart and 
discovered variant uridine phosphorolytic activity in 
selected human tumors [54]. We have also defined the 
genomic structure of the UPase gene, characterized its 
promoter region, the p53-dependent control of its expression 
[87,88] and established its intracellular localization and 
association with cytoskeletal elements [89]. 


3.1. Expression and detection of UPase and identification of 
variant phosphorolytic activity in human tumors 


TPase catalyzes the reversible phosphorolysis of thymi- 
dine to thymine and with less efficiency also contributes to 
the initial degradation of uridine. Since TPase has been 
shown to be identical to platelet-derived endothelial cell 
growth factor (PD-ECGF) and its angiogenic activity dem- 
onstrated [90,91], several studies have investigated the role 


of this protein 1n tumor progression and clinical outcome. 
Increased expression has been found in some solid tumors 
compared to the adjacent normal tissues [92] and TPase has 
been shown to be a negative prognostic indicator in bladder 
[93], colo-rectal [94,95], ovarian [92], pancreatic [96] and 
renal [97] cancers but its role is still controversial 1n breast 
carcinoma [98,99]. PD-ECGF/TPase has been shown to 
promote angiogenesis only when enzymatically active and 
in the presence of thymidine [100]. 

The intense investigation of the role of TPase on cancer 
invasiveness and malignancy has not translated to a similar 
interest for a potential involvement of UPase, despite its 
complementary phosphorolytic activity. 

We have evaluated the activity of UPase in fresh tumor 
specimens and adjacent normal tissues of patients undergoing 
surgical resection oftheir malignancy. The enzymatic activity 
was variable among the different tissue specimens, but over- 
all it was 2—3-fold higher in tumors compared with the paired 
normal tissue (Fig. 1). In the tissues that we were able to 
collect the most clinical specimens, breast (n — 28) and colon 
(n — 9) carcinomas, the difference in activity between tumor 
and normal tissues was statistically significant with P values 
of 0.012 and 0.021, respectively [54]. These results have been 
confirmed in a recent study in 35 human colo-rectal carcino- 
mas also indicating higher UPase mRNA gene expression in 
tumor compared to paired normal tissue [101]. The same 
study concluded that higher UPase gene expression was a 
negative prognostic factor for the patient [101]. In all normal 
tissues and most tumor specimens evaluated in our inves- 
tigation [54], UPase activity was completely inhibited by the 
UPase inhibitor BAU at 10 uM concentration. However, 
breast, head-neck, and ovarian tumors showed partial sensi- 
tivity to the inhibitor with — 4096 of residual phosphorolytic 
activity still present after the addition of 100 uM BAU. Using 
the TPase inhibitor 5-bromo-6-aminouracil [102], we were 
able to establish that TPase does not significantly contribute 
to the BAU insensitive phosphorolytic activity present in 
breast tumor tissue. 

The evaluation of the clinical specimens has clearly 
indicated that normal tissues like gastrointestinal tract and 
bone marrow, that are the most sensitive to fluoropyrimidine 
toxicity, possess UPase activity completely inhibitable by 
BAU. However, human breast tumors possess distinct 
phosphorolytic activity that 1s partially insensitive to the 
classical UPase inhibitors, therefore resulting in a more 
rapid degradation of uridine. This differential catabolism 
of the pyrimidine nucleoside could be exploited to create, in 
the presence of BAU, a selective rescue effect for normal 
tissues without affecting the antineoplastic activity in breast 
neoplastic tissues therefore enhancing the therapeutic index 
of the fluoropyrimidine. 

Our study, on human clinical specimens revealing the 
presence of higher UPase enzymatic activity in tumor 
tissues as compared to paired normal tissue is 1n contrast 
with a previous report from Maehara et al. [48] indicating no 
difference in UPase activity between tumor and normal 
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Fig 1 UPase activity in matched pairs of human breast tumor and normal tissues following surgical excision of the malignancy 


tissues. We also disagree with another finding from the same 
group mdicating that the main pyrimidine nucleoside phos- 
phorylase in human is TPase with activity 20-fold higher 
than UPase [48]. In our evaluation, we have observed a 
degree of variation in the ratio of TPase to UPase activity in 
human tissues with an overall ratio of 2. However, in many 
tissues including breast tumors, the ratio was actually in 
favor of UPase. Our investigation has also indicated that 
both bone marrow and gut mucosa specimens possess low 
phosphorolytic activity compared to tumor tissues, suggest- 
ing that uridine rescue could specifically benefit these 
tissues representing the primary targets of 5-fluorouracil 
toxicity, as reported by Pritchard et al. [58] in a study on its 
effect on the intestinal mucosa. 

A recent article from Kanzaki et al. [103] has examined 
the mRNA expression of UPase and TPase in surgical 
specimens of 43 patients with breast carcinoma and exam- 
ined the correlation with clinical pathological factors. The 
investigators have found a large variation in the expression 
level of both genes with the highest level measured as more 
than 1000-fold higher than that in samples expressing the 
lowest level. There was a significant correlation between 
TPase expression and microvessel density but no correlation 
with UPase expression suggesting that UPase does not have 
any angiogenic activity in human breast carcinoma. In 
addition, no correlation was found between UPase gene 
expression and TPase expression level m those breast tumor 
samples. However, UPase gene expression was higher in 
patients who relapsed than in patients that did not and 
patients with high UPase mRNA levels had a significantly 
poorer overall survival than patients with lower levels. 


TPase gene expression did not correlate with either relapse 
or overall survival in these breast cancer patients [103]. This 
critical study confirms a previous study from the same 
group indicating a lack of correlation between clinical 
outcome and TPase mRNA expression m breast cancer 
[98]. However, it suggests that UPase could be an inde- 
pendent prognostic factor in breast cancer patients [103]. 


3.2. UPase genomic structure, characterization of its 
promoter region and p53-dependent control of its expres- 
sion 


We have recently isolated from a murine BAC library a 
genomic DNA fragment which included the entire murine 
UPase gene, whose full length approximates 18.0 kb. The 
UPase gene has been mapped by FISH to the murine 
chromosome 11A1-2. A series of oligonucleotide primers 
based on the cDNA sequence of murine UPase have been 
utilized to elucidate the intron—exon boundaries [87]. Our 
results indicate that the murine UPase gene consists of nine 
exons, ranging in length from 66 to 210 bp, and eight 
introns varying in size from 240 to 6.0 kb, with typical 
donor and acceptor sites (GT-AG rule). Exon 1, 2 and the 
5' end part of exon 3 do not encode amino acids, the first in- 
frame ATG codon is located in exon 3. Exon 8 encodes the 
C-terminus of murine UPase protem and contains a trans- 
lation stop codon TGA. It also contains the first 70 bp of the 
3'-untranslated region. A polyadenylation signal, AATAAA, 
1s present at 45 bp downstream of the TGA codon [87]. We 
have now also concluded the characterization of the human 
UPase gene that presents the same basic structure with nine 
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exons and eight introns. Chromosomal mapping of human 
UPase identified its location at 7p12, a position where 
frequent LOH has been found in human breast cancers 
[104]. 

The sequence of the 3'-untranslated flanking region of 
the murine UPase gene shows a GT-rich region present 22 
bp downstream of the AATAAA polyadenylation signal. A 
TGGGG tandem repeat, TGGGGG(TGGGG),, is present at 
154 bp downstream of AATAAA polyadenylation signal, 
which represents a putative recombination consensus 
sequence found in the immunoglobulin switch region (S 
region), in the a-globin gene cluster, in the putative arrest 
sites for polymerase o, and in the deletion hot spot (exon 8) 
of the survival motor-neuron (SMN) gene [105—107]. 

The 5’ flanking region of the murine UPase gene, the 
immediate full-length sequence (1703 bp) that has shown 
promoter activity in our studies, doesn’t contain canonical 
CAAT box although a TATA-like sequence, CAATAAAA, 
is present from —41 to —49 bp upstream of the tran- 
scription start point at +1 bp. The lack of both canonical 
TATA and CAAT consensus sequences 1s a feature present 
in a group of genes, many of which have a housekeeping 
function, such as N-ras and transforming growth factor a 
[108]. At the 5’ end of UPase promoter (from — 1619 to 
— 1110) we identified a series of microsatellite and minis- 
atellite repeat bases. In addition, an abundance of promoter 
regulatory elements are seen in the murine UPase promoter 
region including the presence of the consensus motifs for 
GATA-1 and two transcription factors. These factors mainly 
function as regulatory elements in the control of cellular 
differentiation of hematopoietic cells [109,110]. An IRF-1- 
like consensus element present just upstream (from — 21 to 
— 33) of the putative transcription start site of the UPase 
gene represents an important transcription factor in the 
regulation of the interferon response system for infection, 
cell growth and apoptosis [111,112]. Finally, two potential 
proto-oncogene binding sites for C-Myb and V-Myb [113— 
115], and a tumor suppressor gene, p53 putative regulatory 
element [116—118], located in the sequence — 303 bp to 
— 294 bp, have been found in the UPase promoter region. 

To explore the possible effect of p53 on UPase expres- 
sion, we have analyzed the effects of p53 on the murine 
UPase promoter activity [88]. We found that the deletion 
from — 1619 to — 445 of the UPase promoter had no effect 
on the ability of p53 to inhibit gene expression, however, the 
inhibitory activity was altered when the promoter region 
between — 445 and — 274 bp was deleted. Using transient- 
expression assays in EMT6 and NIH 3T3 cells, co-trans- 
fection with the wild-type p53 construct resulted in signifi- 
cantly less luciferase activity in the constructs from — 1619 
to —445 bp, whereas down to — 274 bp and more, the 
promoter activity was not affected. These data indicate that 
the region between — 445 and — 274 bp 1s susceptible to 
regulation by p53 in the UPase promoter. This phenomenon 
was further confirmed in p53 nullified cells [88]. Sequenc- 
ing analysis of this region found a putative p53-binding 


motif AGcCTTGTCC located at —303 to — 294. This 
binding motif differs in one base (small case base) from 
the consensus binding element of p53 [119]. The gel 
mobility shift assay and DNase I footprinting have indicated 
that this putative regulatory motif exhibited specific binding 
with the p53 protein [88]. 

p53 has been shown, by Linke et al. [120], to be 
activated by ribonucleotide depletion caused by antimeta- 
bolite drugs such as PALA even in the absence of DNA 
damage. As previously mentioned, the phosphorolytic activ- 
ity of UPase regulating intracellular uridine levels reveals 
the critical role of this enzyme in modulating the pyrimidine 
salvage pathway. The suppressive regulation of p53 on 
UPase gene indicates the presence of a negative control of 
the pyrimidine salvage pathway by p53 through UPase, 
probably as a cellular self-protection mechanism in case of 
ribonucleotide depletion. p53 has previously been shown to: 
(a) activate genes that initiate apoptosis to eliminate dam- 
aged cells and protect an organism from more severe 
damage and (b) cause cell-cycle arrest following DNA 
damage to prevent the replication of altered DNA. However, 
so far, any indication of the contribution of p53 to damage 
repair 1s quite limited. A recent report by Tanaka et al. [121] 
has described a p53-induced gene, p53R2 that encodes for a 
protein similar to one of the two subunits of ribonucleotide 
reductase, the rate-limiting step in the conversion of ribo- 
nucleotides to deoxyribonucleotides. The p53 regulated R2 
subunit is found in the nucleus and its expression is induced 
by cellular damage (y-radiation and doxorubicin treatment) 
suggesting that when repair is needed, the nuclear precur- 
sors have to be concentrated near the site of damage. 

Somehow, the p53-regulated suppression of UPase 
expression exerts similar functions to the control that p53 
has on p53R2. A cellular damage causing loss or imbalance 
in the ribonucleotide pools could cause activation of p53 
leading to suppression of UPase expression and activation 
of the pyrimidine salvage pathway to replenish the affected 
pyrimidine nucleotide pools (Fig. 2). These two p53-regu- 
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Fig 2 p53-dependent control of UPase expression and regulation of py- 
rimidine salvage pathway following PALA inhibition of de novo pyrimi- 
dine. biosynthesis. 
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lated mechanisms provide a new level of control on ribo- 
and deoxy-ribonucleotide pools. Under normal replication 
conditions, the regulating mechanisms that control the 
appropriate balance of nucleotides are mostly based on the 
direct feedback regulation of the biosynthetic enzymes by 
some of the precursors or final products. However, the 
p53R2 study and our data on UPase possibly indicate that 
in case of cellular damage with depletion of nucleotide 
pools a more sophisticated level of regulation is triggered to 
more rapidly provide precursors for nuclear repair [88,121]. 

The elucidation of the negative control regulation of p53 
on the UPase gene promoter and UPase expression could 
also have considerable implication at the clinical level since 
the human UPase DNA promoter presents, as we have 
shown for the murine gene, a p53 regulatory element [88]. 
It is conceivable that mutations and loss of functionality of 
the p53 gene product, which is a common event in many 
forms of cancer [122], could alter the suppressive regulatory 
control on UPase resulting in higher UPase mRNA expres- 
sion and elevated UPase activity seen in many tumors as 
compared to paired normal tissues [54]. 


3.3. Intracellular distribution, localization and association 
with vimentin 


We have established that UPase is associated with the 
intermediate filament vimentin in NIH 3T3 fibroblasts and 
Colon 26 cells through co-purification studies using a 5'- 
amino benzylacyclouridine affinity matrix. The separation 
of cytosolic proteins using gel filtration chromatography 
yields a high molecular weight complex containing UPase 
and vimentin m a 1:1 stoichiometry. Immunofluorescent 
techniques have confirmed that UPase is associated with 
vimentin and that the depolymerization of the microtubule 
system using nocodazole results in UPase remaining asso- 
ciated with the collapsed intermediate filament, vimentin 
[89]. 

UPase is associated with both the soluble pool of vimentin 
and also with its insoluble pool, with approximately 50—70% 
of the total UPase present in the cytosol as a soluble protein. 
However, sequential cell extraction liberates an additional 
15—25% UPase activity associated with a Triton-X-100 
soluble fraction and a remaining 10—20% UPase activity 
associated with a Triton-X-100 insoluble pool [89]. 

The role of UPase in the salvage pathway of pyrimidine 
nucleoside biosynthesis does not readily translate into a role 
for this enzyme in association with the cytoskeleton and 
more specifically with the intermediate filament vimentin. 
While a number of theories have been proposed for the 
function of this network, the data are not yet conclusive. 
Cellular processes as diverse as differentiation, motility, 
signal transduction, cell division, cytoskeletal stability and 
vesicular trafficking have been associated with alterations in 
the dynamics of the intermediate filaments [123—127]. 

A number of proteins have been shown to be associated 
with the vimentin intermediate filament scaffold including 


p53 [128], protein kinase C [129], Yes and cGMP kinase 
[130,131], glycolytic enzymes creatine phosphokinase and 
GAPDH [132-134] and nucleoside diphosphate kinase 
[132,135] as well as the cross-linking proteins plectin, 
IFAP-300 and filamin that link intermediate filaments to 
other cytoskeletal elements and membranes [136—139]. It is 
particularly interesting to note the number of proteins 
involved in signal transduction and energy metabolism that 
have been associated with vimentin. The proposed role for 
NDPK in nucleotide channeling [135], its co-purification 
with vimentin and enzymes involved in ATP formation/ 
regeneration [132] together with our observation of UPase 
co-localization with this same cellular machinery, is making 
it more likely that such observations are biologically rele- 
vant. UPase, a nucleoside phosphorylase and NDPK, an 
enzyme that provides the majority of cellular non-ATP 
nucleoside triphosphates have both been co-localized to 
the intermediate filament vimentin. Since a number of 
biological responses have been associated with UTP and 
UDP [140] through the activation of pyrimidine receptors, it 
is possible that vimentin may play a role in the coordination 
of these signaling events. 

In vitro enzymatic analyses of the detergent-resistant 
pool of UPase demonstrated that this source of enzyme 
retains enzymatic activity. The UPase found in association 
with the polymeric vimentin network may represent a 
mobilizable pool of enzyme that is only active when 
liberated from its three-dimensional network. It is also 
possible that UPase, in association with the insoluble 
vimentin network, represents a way of localizing enzymatic 
activity to a particular area within the cell. Vimentin has 
been proposed as a network that might target mRNA to 
areas of active protein synthesis [124]. This function for 
vimentin might explain the necessity of having machinery 
for pyrimidine synthesis/degradation m close proximity to 
areas of mRNA translation. 

The interdependence of the dynein and kinesin motor 
proteins, microtubule and intermediate filament systems and 
the need to furnish this cellular machinery with high 
quantities of nucleotide triphosphates provides a basis for 
investigating the mechanisms responsible for the local 
delivery of high quantities of NTPs to the areas of active 
energy utilization. The question of what role UPase may 
play in close proximity to such machinery is at this moment 
cause for speculation. 


4. Conclusions 


Many factors have contributed to the limited attention 
uridine and UPase have received despite their physiologic 
and pharmacological role in comparison to the interest 
reserved over the years to adenosine and TPase. 

Adenosine has been shown to have a general inhibitory 
effect on neuronal activity including regulation of sleep, 
neuroprotection and seizure control [141]. Furthermore, this 
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purine nucleoside appears to have cardioprotective and 
immunomodulatory functions [142]. These regulatory and 
modulatory activities of adenosine are mediated by four 
subtypes of G-protein-coupled receptors [143]. As we have 
indicated in our introduction, uridine exerts very simular 
modulatory and regulatory functions to adenosine, however, 
no clear mechanism has been identified modulating these 
physiological activities. Receptors for uridine nucleotides 
have been mentioned and also the possible existence of a 
specific receptor for uridine itself has been postulated. A 
very recent report suggests the presence of a new receptor 
identified as “uridine receptor” regulating the hypnotic 
activity of uridine derivatives in rat brain [144]. More 
studies are needed to confirm this finding, to elucidate the 
biological and structural characteristic of the receptor, and 
the interactions with other receptors and substrates. It is 
critical to extend these studies to other organs to determine 
the presence of “uridine receptor(s)” not only 1n the central 
nervous system but also m the cardio-circulatory system and 
at the reproduction level. These studies will lead to the 
discovery of a new interacting molecules and the develop- 
ment of new class of therapeutic agents for various human 
diseases. 

Similarly, the attention dedicated to TPase is associated 
to its angiogenic properties [144] and more recently, to its 
link to a human genetic disease, MNGIE [145], and it could 
be matched by UPase only after we have better defined its 
physiological function and its possible role in human dis- 
eases. Our discoveries of an elevated expression of UPase in 
human tumors [54], its altered pattern of inhibition in breast 
cancers [54] and the intracellular association with the 
cytoskeleton [89] only represent starting points to gain 
new insight in its biological functions and define its clin- 
1cal— pathological role. 
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Abstract 


DNA-processing enzymes, such as the topoisomerases (tops), represent major targets for potent anticancer (and antibacterial) agents. The 
drugs kill cells by poisoning the enzymes’ catalytic cycle. Understanding the molecular details of top poisoning is a fundamental requisite for 
the rational development of novel, more effective antineoplastic drugs. In this connection, sequence-specific recognition of the top- DNA 
complex is a key step to preferentially direct the action of the drugs onto selected genomic sequences. In fact, the (reversible) interference of 
drugs with the top- DNA complex exhibits well-defined preferences for DNA bases in the proximity of the cleavage site, each drug showing 
peculiarities connected to its structural features. A second level of selectivity can be observed when chemically reactive groups are present in 
the structure of the top-directed drug. In this case, the enzyme recognizes or generates a unique site for covalent drug- DNA binding. This 
will further subtly modulate the drug's efficiency in stimulating DNA damage at selected sites. Finally, drugs can discriminate not only 
among different types of tops, but also among different isoenzymes, providing an additional level of specific selection. Once the molecular 
basis for DNA sequence-dependent recognition has been established, the above-mentioned modes to generate selectivity in drug poisoning 
can be rationally exploited, alone or in combination, to develop tailor-made drugs targeted at defined loci in cancer cells. © 2002 Elsevier 


Science B.V. All rights reserved. 
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1. Introduction 


DNA topoisomerases (tops) are essential enzymes 
present in all organisms [1,2]. They modify DNA topology 
in connection with a number of nuclear processes, such as 
replication, transcription, chromatin remodeling, chromatin 
condensation/decondensation, recombination and repair [3]. 
All tops can introduce breaks into DNA segments: type Il 
tops transport a double helical portion of DNA through a cut 
involving both strands of another double-helical region; 
type I enzymes produce single-stranded breaks, and then 
either transport a DNA segment through the break (type I- 
A) or allow rotation of the broken strand around the intact 
strand (type I-B) [4,5]. In the human genome, five DNA 


Abbreviations: top, topoisomerase; DNA, deoxyribonucleic acid; ATP, 
adenosine triphosphate; CPT, camptothecin; AmC, cytosine arabinoside; 
m-AMSA, amsacrine; ET. ecteinascidin 743; CL, clerocidin; XK469, 2-14- 
[C7 -chloro-2-quinoxalinyl)oxy]phenoxy]propionic acid: VM-26, tenipo- 
side; dh-EPL 4-demethoxy-3' -deamiaxo-3' -hydroxy-4' -epi-doxorubicin: da- 
IDA, 4-demethoxy-3' -deamino-4-decxy-4' -epiaminodaunorubicin 
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tops are presently known: two type II tops (top2a and 
top2p), a type I-B enzyme (top!) and two type I-A enzymes 
(top3a and top3B) [1]. 

Top! and top2 have been shown to represent the princi- 
pal targets of effective antitumor drugs and, hence, have 
deserved investigation to understand the biochemical and 
pharmacological basis of drug action [6]. Indeed, topoiso- 
merase poisons, such as antitumor drugs, transform these 
essential enzymes into lethal DNA-damaging agents. Cir- 
cumstantial evidence indicates that top2 (and top!) can 
initiate cellular processes that eventually lead to chromoso- 
mal translocations and cell transformation [7.8]. Thus, a full 
understanding of molecular mechanisms of DNA topoiso- 
merase functions leading to cell death and/or genome 
alterations may reveal unique opportunities to successfully 
treat human cancers. 


2. The catalytic process and its poisoning 


The enzymatic cycle of topl [2], largely shared by top2 
[9], can be divided into four steps: (1) binding of the enzyme 
to DNA, (2) DNA cleavage, (3) strand passage and (4) DNA 
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religation. Once the protein and the nucleic acid are bound 
to each other, the phenolic OH of a tyrosine residue in the 
catalytic pocket reacts with a DNA phosphodiester bond by 
a transesterification process, producing a covalent enzyme— 
DNA intermediate linked through a phosphotyrosine bond 
(cleavage complex) while the DNA strand is cleaved. 
Cleavage may occur simultaneously on both strands in 
the presence of top2 enzymes, whereas it invoives only 
one strand in the presence of top] enzymes. In type I-A and 
type II topoisomerases, the enzyme becomes linked to the 
5'-end of the cleaved phosphodiester bond, whereas in type 
LB enzymes, it is bound to the 3'-end. The third step 
consists in the strand passing process, which mvolves a 
conformational rearrangement of the enzyme to allow one 
or both strands of DNA to pass through the gap generated 
by the cleavage step. The final religation process corre- 
sponds to the attack of the free 5'- or 3’-hydroxy! terminus 
of the cleaved bond onto the phosphotyrosine hnkage to 
reseal the original phosphodiester bond. Then, enzyme 
release occurs (Fig. 1). Given the energy requirements of 
the enzyme, ATP binding and hydrolysis has to be included 
in the catalytic cycle of top2. 


DNA chain 
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catalytic 
tyrosine 


DNA chain 










In the presence of a drug which is able to affect the DNA 
cleavage-religation process by increasing the DNA cleavage 
rate or by reducing the DNA religation rate, the cleavage 
complex has a longer life and DNA breaks persist [10,11]. 
This action converts top2 into an endogenous toxin that 
stabilizes damage in the genome and triggers a series of 
apoptotic events that finally lead to cell death. There are 
several modes for a drug to affect the cleavage complex, but 
it is generally believed that a ternary complex is formed, in 
which the drug is bound to the DNA and the enzyme 
simultaneously [2.9]. Hence, there will be normally two 
pharmacophoric regions in a poison molecule, one facing 
(and interacting with) the enzyme and the other the nucleic 
acid. 


3. Structures of topoisomerase poisons 


A large number of compounds have been shown to 
interfere with top (principally top2) activity, and they 
exhibit a variety of structural features [2,9,12,13]. The 
structures of selected compounds are shown in Fig. 2. 


DNA chain 





DNA chain 


DNA chain 





DNA chain 


Fig. 1. Schematic representation of the chemical processes occurring in the topoisomerase catalytic cycle. The tyrosine residue at the active site (left) can attack 
a phosphodiester bond of DNA, giving a phosphotyrosine adduct linked either at the 3 (upper reaction scheme) or at the 5° (lower reaction scheme) position. 


This will produce a cut in the DNA chain leaving a free 5’ or 3’ hydroxyl group. 
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Fig. 2 Selected chemical structures of topoisomerases I and II poisons 
Clinically useful topl poisons include the natural com- such as the bisbenzimidazoles Hoechst 33258 and Hoechst 


pound camptothecin (CPT) and its synthetic analogues 33342, and the indolocarbazoles derived from rebeccamy- 
topotecan and irinotecan. In addition, minor groove binders, cin, were found to be topl inhibitors. 
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Top2 poisons include drugs from different families, such 
as epipodophyllotoxins, anthracyclines, acridines, anthra- 
quinones, ellipticines, bisantrene, actinomycin D, terpe- 
noids, quinolones and flavonoids. It is difficult to envisage 
common structural features among them. In fact, some of 
the compounds do not bind to DNA, while others exhibit a 
high affinity for the nucleic acid. In particular, very effective 
are the intercalators (anthracyclines, anthracenediones, acri- 
dines, bisantrene, actinomycin). They are characterized by a 
planar polycyclic DNA-intercalating region, to which polar 
side chain groups are eventually attached. The planar region 
is supposed to be able to slip between DNA bases and 
generate efficient stacking interactions with them. This is 
likely to represent the DNA-binding domain m the cleavage 
complex. In addition, to further stabilize contacts with the 
nucleic acid, the side-chains are likely to interact with the 
enzyme, thus, acting as enzyme-recognition elements. 
Indeed, in addition to their chemical structure, the relative 
position of the (planar ring/side chain) pharmacophores 
plays a major role in modulating nucleic acid binding and 
enzyme poisoning effects [14—16]. Non-DNA-binders, like 
epipodophillotoxins, can also stabilize the cleavage com- 
plex. In this case, perhaps, stronger contacts are formed with 
the enzyme to compensate for poor interaction with the 
nucleic acid. Indeed, recent studies show that both the 
recombinant N-terminal ATPase domain and the B’A’ core 
domain of human top2« bind etoposide specifically, even in 
the absence of DNA. [17]. 

Dual topl and top2 inhibitors have finally been 
described. Among others, they include saintopin, intopli- 
cine, aclarubicin [18], acridine-4-carboxamide derivatives 
[19], bis(phenazine-1-carboxamides) [20], indeno-quino- 
lines, [21] acetyl-boswellic acids [22] and fluorinated lip- 
ophylic epipodophylloids [23]. As with top2 poisons, 
different structural types are found, including intercalating 
and nonintercalating agents. 


4. DNA sequence specificity of topoisomerase poisoning 
41 Classical drugs 


It has become evident that poisoning of the top-DNA 
cleavage complex by anticancer drugs does not occur at 
random along the DNA chain, but follows well defined 
rules, as demonstrated by the sequence analysis of the DNA 
regions where cutting had been stimulated by the top poison 
[24-26]. Top activity on the genome exhibits per se a 
certain degree of specificity. Indeed, significant nucleotide 
preferences were found in the regions flanking the cleavage 
site, often corresponding to alternating purine—pyrimidine 
tracts [27,28]. However, site selectivity exhibited by the 
poisons is more efficient and dependent on the poison's 
nature. Compounds of different chemical classes stimulate 
specific cleavage patterns in DNA fragments, which do not 
comprise all of the sites recognized by the enzyme. More- 


over, the effects of specificity are principally due to the base 
immediately preceding ( — 1) or following (+ 1) the cleav- 
age site [29]. These findings confirm that the drugs are 
localized at (or very close to) the enzyme active site, and 
possibly contact both components of the cleavage complex. 
Localization of amsacrine at the active site has been 
demonstrated, using a covalently binding azido derivative, 
which was found to localize the drug molecule at the — 1 
and +1 positions in the presence of top2 [30]. Another 
similar example is a reactive CPT derivative bound to top1 
[31]. 

A peculiar case seems to be that of nogalomycin [32], 
which has been proposed to bind to an upstream site (from 
position — 6 to — 3) to provide a DNA structural bend that 
stimulates highly specific top1-mediated DNA cleavage. In 
this case, the drug would act at a distance from the catalytic 
site, like an allosteric effector. 

An interesting mechanism is exhibited by the antimeta- 
bolite cytosine arabinoside (AraC) [33]. Lesions generated 
when the drug is incorporated into chromosomal DNA 
behave as position-specific top2 poisons and stimulate 
DNA cleavage mediated by the human type II enzymes. 
Moreover, additive or synergistic increases in DNA cleav- 
age were observed in the presence of AraC lesions and 
etoposide, pointing to the possibility that the sequence- 
specific lesions might result from a combination of pro- 
cesses. 

A question which arises when considering drug sequence 
specificity in producing protem-mediated DNA damage is 
related to possible species-related effects. This issue was 
recently addressed by Strumberg et al. [34], who performed 
a molecular analysis of drug interactions in yeast and human 
type II tops. Similarities and differences in DNA cleavage 
patterns and nucleic acid sequence preferences were 
observed between the human, yeast and E. coli top2 
enzymes in the presence of the nonintercalators fluoroqui- 
nolone (CP-115,953), etoposide and azatoxin and the inter- 
calators amsacrine and mitoxantrone. Additional base 
preferences were generally observed for the yeast, when 
compared with the human top2a, enzyme. Preferences in 
the immediate flanks of the top2-mediated DNA cleavage 
sites were, however, consistent with the drug-stacking 
model for both enzymes. Homologous mutations in yeast 
and human top2 decreased the reversibility of the drug- 
stabilized cleavage sites and produced consistent base 
sequence preference changes. These data. indicate that the 
structure of the enzyme/DNA interface plays a key role in 
determining the specificity of top2 poisons and cleavage 
sites for both the intercalating and nonintercalating drugs. 
These effects must be borne in mind when comparing 
results obtained with topoisomerase enzymes of different 
origin. The principal base preferences exhibited by the 
drugs, thus, far investigated are summarized in Table 1. 

Confirming the above-mentioned location of the drug at 
the enzyme active site, the principal preferences for DNA 
cutting correspond to the bases located at positions — 1/+1. 
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Table 1 

Base preferences of selected topoisomerase poisons 

-r +1" 

Poison Base ' Porson Base 
preference preference 

Doxorubicin? A Amsacrine? A 

Etoposide? CT) Bisantrene” A 

Mitoxantrone® C/T Camptothecin? G 

Ellipticine? T Indolocarbazole® G 

Amonafide" C Samtopin‘ G 

Genistein” T 


* Position from the cleavage site. 
Š top2 poisons. 
° topl poisons 
4 Dual poison 


Generally, drugs having a strong —1 preference do not 
exhibit a strong +1 preference. This represents an indica- 
tion that effective recognition of DNA by a drug is carried 
out either on one side or on the other of the cleavage 
complex, the drug molecule being principally located either 
upstream or downstream the cleaved phosphodiester bond. 

A closer examination of individual specificities shows 
that a purine residue is invariantly found to be preferred at 
+1, both by topi and top2 poisons. Considering the large 
planar portions of these drugs, this could indicate that 
DNA-4drug stacking effects are operating in the ternary 
complex with the enzyme. Instead, the majority of — 1 
specific agents accept both pyrimidines and purines in the 
cut strand. Although the list of — 1 specific agents includes 
nonintercalating agents, the majority of the compounds in 
this list are also intercalators, which prefer stacking inter- 
actions, so that the presence of pyrimidine preferences are 
not easily explainable at first glance. However, if we 
consider that all — 1 specific agents are top2 poisons, and 
that the — 1 base remains essentially paired to the comple- 
mentary base located in the intact strand, the poison at — 1 
would always have a complete base pair to make contacts 
with, irrespective of the presence of a purine or a pyrimidine 
at the scissile strand. 

It is very difficult to rationalize coupling of drug struc- 
tures with corresponding specificities. The task could be 
made much easier, having tridimensional structures of the 
cleavage complex or, even better, of the ternary complex 
containing the drug. 

Combining the biochemical and structural evidence, two 
models of the receptor site of CPT on the covalent complex 
of human top! and DNA have been proposed [35,36]. Both 
attempt to explain the results of numerous CPT structure 
activity studies, and of investigations on drug-resistant top1 
mutants. One model [35], schematically shown in Fig. 3A, 
uses the crystal structure of the human top1 -DNA covalent 
complex and places the CPT molecule into the DNA duplex 
in a position that partially overlaps with the +1 guanine of 
the scissile strand; this placement requires the guanine base 
to flip out of the duplex and stack on the planar CPT. A 
second model [36] foresees: intercalation of CPT into a B- 


form DNA duplex and models the positions of the phos- 
photyrosine723 and Asn722 residues as well (Fig. 3B). CPT 
occupies very different positions in the two models, neither 
of which can fully explain the experimental findings. In 
particular, no indication emerges for the requirement for a 
guanine at the +1 position of the scissile strand, as 
established by early investigations [25,26]. A theoretical 
structural model has been obtained very recently [37] by 
docking CPT into the topl - DNA cleavage complex 
obtained from X-ray data. The model of the lowest energy 
complex (Fig. 3C) is consistent with intercalation of the 
drug at the cleavage site, with the A-ring directed toward the 
major groove and the E-ring pointing into the minor groove. 
As shown ın Fig. 3, the drug's orientation differs remarkably 
in the previous intercalation model [36], while it 1s similar in 
the guanine-flipping model [35]. Perhaps, publication of the 
X-ray structure of the ternary cleavage complex with top- 
otecan, announced by Stewart et al. [38] at the 2001 AACR 
meeting will settle the question. 


Major groove 





Mayor groove 





Major groove 





Fig. 3 Proposed orientations of CPT bound to DNA in the ternary CPT— 
DNA-topl cleavage complex DNA bases are viewed from the helix axis 
and schematically drawn as rectangles Solid lines correspond to the pair at 
the — 1 position (see text), while dashed lines correspond to the pair at + J 

CPT 1s located between the — 1 and + 1 bases (A) Flipping guanine model 
from Ref. [35] (B) Intercalation model from Ref [36] (C) Intercalation 
model from Ref. [37] 
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An example of modulation of cleavage specificity is 
represented by homocamptothecin, containing a seven-mem- 
bered §-hydroxylactone ring in place of the conventional six- 
membered o-hydroxylactone ring found in CPT [39]. 
Besides stimulating cleavage by top1 at preferred T.G sites, 
the homo derivative stabilizes cleavage at specific AAC.G 
sequences as well. Hence, notwithstanding the conserved 
primary G + 1 requirement, the ring homologation procedure 
generates a ternary complex structure which can discriminate 
up to three bases upstream the cleavage site. Clearly, further 
studies are required to fully elucidate the molecular mter- 
actions leading to specific DNA damage stimulation by the 
CPT family. 

The presence of common pharmacophores for similar 
specificities of cleavage stimulation, and the importance of 
the relative positions of the planar ring system and of the 
side-chain groups, has been recently addressed by preparing 
amsacrine (m-AMSA)/bisantrene hybrids and bisantrene 
isomers [14]. The new compounds were able to poison 
DNA top2 with an activity intermediate between those of 
bisantrene and m-AMSA. Moving the side-chain from the 
central to a lateral ring (from C-9 to C-1/C-4) only slightly 
modified the drug DNA affinity, whereas it dramatically 
affected local base preferences of poison-stimulated DNA 
cleavage. In contrast, switching the planar aromatic systems 
of bisantrene and m-AMSA did not substantially alter the 
sequence specificity of drug action. ‘A computer-assisted 
steric and electrostatic alignment analysis of the test com- 
pounds suggested that bisantrene, m-AMSA and 9-substi- 
tuted analogs share a common pharmacophore, whereas the 
I-substituted isomer showed a radically changed pharmaco- 
phoric structure. 

A further question arising from this investigation, 
approached using the same set of compounds, is a possible 
relationship between sequence specificity for DNA in the 
presence and in the absence of the enzyme. We should 
remember that most of the known top2 poisons are also 
good DNA. binders. The bisantrene analogues exhibited 
different DNA. sequence preferences, depending on the 
locations of the side-chain groups, which suggests a major 
role for the side-chain position in generating specific 
contacts with the nucleic acid, even in the absence of 
enzyme [40]. More interestingly, the observed preferences 
compare well with the alteration of base specificity found 
for the top2-mediated DNA cleavage stimulated by the 
isomeric drugs. This confirms that not only DNA affinity, 
but also DNA-binding specificity, represents per se an 
important determinant for the recognition of the topoiso- 
merase-DNA cleavable complex by the drug, at least for 
poisons belonging to the amsacrine—bisantrene family. 

Thus, it has been concluded that the relative space 
occupancy and electron distribution of putative DNA bind- 
ing (aromatic rings) and enzyme binding (side-chains) 
moieties are fundamental in directing the specific action 
of top2 poisons and in determining the poison pharmaco- 
phore. 


4.2. Drug conjugates containing DNA-recognition elements 


A useful approach to confer a desired sequence specificity 
is to synthesize drug conjugates with structural elements 
known to recognize well-defined features of DNA. Since the 
target for topoisomerase is a double-stranded helix, the 
following targeting elements can be used in combination 
with normal drugs: groove-binding AT specific structures, 
such as the antibiotics netropsin and distamycin [41—43], 
hairpin pyrrole—imidazole polyamides [44] and triplex-form- 
ing oligonucleotides [45,46]. In the first two, the conjugates 
are tethered to the minor groove; in the third, major groove 
binding occurs. The success ofthe above approaches rests on 
the ability to target the nucleic acid without impairing bind- 
ing of the topoisomerase. The AT-binder conjugates with 
CPT proved to be poorly effective, due to their limited 
sequence-recognition properties [43]. 

Other topi poisons were covalently attached to triple 
helix-forming oligonucleotides. Besides increasing the drug 
affinity for DNA, the conjugates were shown to stimulate 
topl-mediated DNA cleavage in a triplex-directed sequence- 
specific manner [46]. In addition, the results obtained with 
drug- polyamide conjugates showed that they were able to 
recruit topl to produce DNA cleavage in high yield [44]. 
Hence, the new compounds could be considered as new 
artificial nucleases. It will be now interesting to verify 
whether conjugates targeted to the coding regions of selected 
genes will be able to regulate transcription elongation 
through a topl-dependent mechanism. 


5. Drugs producing covalent adducts in the cleavage 
complex 


Poisoning of the cleavage complex by the presently used 
drugs is a reversible process, and normal processing of the 
DNA by the enzyme 1s restored once the drug 1s removed 
[47]. Since triggering of the cell death events is initiated by 
the presence of the cleavage complex, the extent of this 
process will depend upon the drug's in and off kinetics. The 
longer the drug is bound to the cleavage intermediate, the 
more effective will be induction of apoptosis. Hence, 1f the 
drug becomes permanently linked to the DNA —enzyme 
complex, apoptosis signaling should be most prominent. 

Compounds bearing DNA-reactive groups, such as the 
alkylators [48], usually produce generalized damage to the 
nucleic acid and to other cellular structures. Although the 
toxicity generated by these compounds is being used for 
the treatment of cancer, nonetheless the related side effects 
are quite marked. In addition, sequence selectivity is in 
general poor, as a large number of reactive group(s) in the 
DNA chain are available for targeting at the same time. It 
would be much more specific if the drug were to react with 
the nucleic acid only when topoisomerase is present. An 
enhancement in top activity at specific DNA alkylation 
sites has been found using A-methyl-N' -nitro-N-nitroso- 
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guanidine [49]. This suggested a role for top1 poisoning by 
alkylated bases in the antiproliferative activity of alkylating 
agents, as well as in the DNA lesions resulting from 
endogenous and carcinogenic DNA modifications. 

Other interesting examples are represented by the drugs 
psorospermin, ecteinascidin and some analogues [50—53]. 
These are weak DNA alkylators in the absence of top2 in the 
first case and top1 in the second. Significantly, the alkylation 
reactivity of psorospermin at specific sites on DNA increased 
. 25-fold in the presence of top2 [50]. In addition, psorosper- 
min trapped the top2-cleaved complex at the same sites. 
These results imply that the efficacy of psorospermin is 
related to its interaction with the top2—DNA complex. The 
site of alkylation of psorospermin is within the top2 gate site, 
as for other derivatized intercalators used to pinpoint the site 
of drug action in the cleavage complex. 

Ecteinascidin 743 (ET), a potent antitumor agent from the 
Caribbean tunicate Ecteinascidia turbinata, can alkylate 
selectively guanine N2 in the DNA minor groove, a process 
reversed by DNA denaturation. However, it differs remark- 
ably from other DNA alkylating agents presently in the clinic 
by both its biochemical activities and its profile of antitumor 
activity in preclinical models [52]. A 100-kDa protein was 
found to bind to DNA alkylated by ET and was identified as 
top1 [52]. DNA alkylation was essential for the formation of 
topl-mediated cleavage complexes by ET, and the distribu- 
tion of the drug-induced top1 sites was different for ET and 
camptothecin, although they still share a G+ 1 preference. 
These data indicate that DNA minor groove alkylation by ET 
is required to produce topl-mediated protein-linked DNA 
breaks. Other studies, however, question the relevance of 
topi poisoning by ET (and its synthetic analogue phthalasci- 
din) as they show that in vivo top1 cross-linking is poor and 
that ET can be cytotoxic independently of topi expression 
[53,54]. 

A more striking example is represented by clerocidin 
(CL) [55—58], reported to produce top2-mediated irrever- 
sible cleavage compatible with G-1 preference [57], a 
process unusual for topoisomerase poisoning. Since CL 
contains chemically reactive epoxy and carbonyl groups, 
studies were made to detect possible reaction with DNA. 
Indeed, the drug was able to nick negative supercoiled 
plasmids per se [58]. Covalent adducts with guanines at 
N7 position were formed in topoisomerase-free media, 
which were able to trigger phosphodiester bond cleavage 
at the modified site. Only single-stranded or distorted 
double-helical regions of DNA underwent CL alkylation. 
The guanine-alkylating ability of CL suggests an unprece- 
dented mechanism of top2 sequence-specific poisoning, 
according to which the enzyme renders the drug reactive 
toward DNA by changing the local structure of the nucleic 
acid and by bringing drug and DNA reactive moieties in 
close proximity. 

In conclusion, the combination of reversible (the drug 
must recognize the cleavage complex) and irreversible (drug 
covalent binding occurs only when the drug is appropriately 


located at the cleavage site in close contact with the target 
reactive group in DNA) effects will contribute to subtly 
modulate the drug's efficiency in stimulating DNA damage 
at selected sites. 


6. Topoisomerase II isoform specificity 


It has recently become evident that top2 is not a single 
enzyme in eukaryotic cells, but is present as two isoforms: a 
170-kDa one, referred to as a, and a 180-kDa one, referred to 
as B. They differ in subcellular localisation and biochemical 
properties [59], suggesting that each isozyme has a distinct 
cellular function. Hence, studies aimed at evaluating the 
differential susceptibility to inhibition by anticancer drugs 
and site selectivity are of great help to better understand the 
role and actions of the various drugs. In addition, the relative 
level of expression of the x and B isoforms may contribute to 
the degree of tumor responsiveness to different chemother- 
apeutic agents. 

The relationship between expression of top2 isoforms and 
established prognostic factors and pathological variables was 
examined in over 50 primary breast tumor samples [60]. The 
expression of the two top2 genes was apparently not coor- 
dinately regulated in these tissue samples. Immunohisto- 
chemical analysis revealed that top28 was widely 
distributed (> 90% positive tumor cells), but that top2a 
expression was less widely expressed. This suggested that 
top2a, but not tp2B, expression is dependent upon cellular 
proliferation status, but that the more widely expressed top2B 
protein may play a significant role as a target for antitumor 
therapy. Àn immunofluorescence technique was also devised 
to visualize and quantify isoform-specific cleavable com- 
plexes in situ [61]. 

A number of studies have been performed on the major 
classes of anticancer drugs, including acridines, anthracy- 
clines, anthraquinones, epipodophyllotoxins, 9-OH-ellipti- 
cine [62—70]. The methodological approaches include the 
use of human cancer cell lines having defined profiles of 
expression of the two enzymes (breast cancer, acute lympho- 
blastic leukemias, sensitive and resistant leukemia HL-60), 
viz. noncycling cells, where the x isoform is down-regulated, 
transgenic cells lacking one isoform, or resistant cells trans- 
fected with a plasmid carrying one of the two isoforms. In 
addition, biochemical studies were carried out with the 
human recombinant enzymes overexpressed and purified 
from yeast. All drugs were able to affect both the o and the 
B isoform, although to different extents, indicating that both 
enzymes are good targets. Hence, the observed differences 
are quantitative, not qualitative, and the drugs presently in use 
exhibit a low level of discrimination. However, it appears that 


` the anthracyclines prefer the a enzyme, and amsacrine and 


mitoxantrone the B enzyme. 

While no very selective top2a poison has been found as 
yet, an almost pure top2p poison has been recently identified 
[71]. Indeed, the synthetic quinoxaline phenoxypropionic 
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acid derivative XK469 possesses unusual solid tumor selec- 
tivity and activity against multidrug-resistant cancer cells. In 
band depletion assays, XK469 caused little or no depletion of 
top2o and a significant dose-dependent reduction of top2B. 
In addition, exposure of subconfluent MCF-7 human breast 
cancer cells to the drug resulted in substantial cross-linking of 
top2p, but not top2«. Inhibition of superhelical DNA relax- 
ation was also very effective in the presence of top2. These 
findings indicate that the primary target of XK469 is top2p. 
Preferential targeting of this enzyme may explain the solid 
tumor selectivity of XK469 and its analogs because solid 
tumors, unlike leukemias, often have large populations of 
cells in the G(1)/G(0) phases of the cell cycle in which top2B 
is highly expressed whereas top2o is not. 

It will be very important to define the molecular determi- 
nants for preferential top2gtargeting by XK469, in order to 
define structure—activity relationships for quinoxaline phe- 
noxypropionic acid derivatives, and to design new classes of 
anticancer agents, perhaps endowed with prominent solid 
tumor cell killing potency. 

The sequence selectivity of isoenzyme-mediated DNA 
cleavage for amsacrine, teniposide (VM-26) and an anthra- 
cycline derivative were determined using the human 
recombinant enzymes [72,73]. Local base preferences for 
DNA cleavage exhibited by the above drugs were essentially 
the same for both isozymes and corresponded to those 
determined using the murine enzyme. The identical drug 
sequence specificities suggest that molecular interactions of 
the tested drugs in the ternary complex are likely similar in 
the two isozymes. Evidently, the contacts formed between the 
tested drugs and the enzyme concern residues conserved in 
both isoforms. The high degree of sequence homology found 
at the top2 active site [74] justifies the above results. Drugs 
which stimulate œ and B cleavage at different sites could 
possibly be designed by exploiting differential interactions 
with the nonconserved residue(s) of the protein's active site. 
To do so, the structure of the cleavage complex must be 
appropriately modeled. 


7. Yn vivo specificity of topoisomerase poisoning 


A final 1ssue that deserves to be addressed deals with in 
vivo sequence-specific stimulation of top-mediated DNA 
cleavage and its relationship to in vitro findings. In vitro 
experiments are performed with the purified enzyme and a 
double helical DNA fragment. The situation in vivo is much 
more complicated, as a crowding of different enzymes and 
protems occurs in chromatin, so that topoisomerase has to 
find its way by competing with other biological macro- 
molecules. In addition, the structure and topology of DNA 
in vivo is greatly affected by specific interactions with 
histones and DNA-processing enzymes, which could greatly 
affect cleavable complex formation and drug interference 
both quantitatively and qualitatively. Hence, studies aimed at 
defining the exact location of drug-stimulated damage in 


living cells are very useful for a proper assessment of the 
biological significance of cell-free topoisomerase poisoning 
experiments. In addition, specific (different) cleavage loca- 
tions generated by each drug along the eukaryotic genome 
might substantially contribute to differentiate the anticancer 
potential of the drug. 

Recent in vivo studies are described by Borgnetto et al. 
[75] who investigated DNA cleavage sites stimulated by 
three poisons with diverse sequence specificity, CL, VM-26 
and the anthracycline dh-EPI in two genomic regions of 
Drosophila melanogaster Kc cells. CL-stimulated DNA 
cleavage sites were rarer than those of VM-26 at the satellite 
locus. In the histone H2A—H2B intergenic region, CL and 
dh-EPI stimulated cleavage, whereas VM-26 was only 
weakly effective. As observed in vitro, some CL cleavage 
sites did not undergo spontaneous reversion, indicating that 
this agent can stimulate irreversible cleavage mn vivo. Direct 
genomic sequencing showed that many CL and dh-EPI sites, 
although distinct, mapped to the transcription start and to the 
proximal promoter of the H2A gene. Hence, the in vivo 
specificity of topoisomerase poisoning is likely to arise from 
a combination of chromatin accessibility and local drug- 
related preferences. 

DNA cleavage sites stimulated by the two anthracyclines 
dh-EPI and da-IDA were investigated at the histone gene 
cluster of cultured Drosophila Kc cells [76]. The two agents 
produced closely related patterns of double-stranded DNA 
cleavage in Kc cell chromatin. Analyses of numerous base 
sequences of dh-EPI and (fewer) of da-IDA sites showed that 
both compounds largely followed the in vitro requirement of 
(5) TA at 3’ ends of cleaved strands. Nonetheless, a mod- 
ulation in DNA cleavage was found when using human top2 
isoforms in vitro. Human top2« promoted cleavage patterns 
that were much more similar to those of Drosophila top2 than 
human top2B. Moreover, da-IDA showed a marked site- 
dependent preference for human top2 B, suggesting that, 
notwithstanding the similarities found comparing the in vivo 
and ın vitro data, differential effects on the two isozymes 
might influence drug activity in human cells. 


8. Conclusions 


Specificity is a fundamental feature of effective drugs, to 
prevent simultaneous recognition of multiple targets and, 
hence, the onset of undesired side effects. Although the 
treatment of cancer often requires the use of potent cytotoxic 
compounds, poorly selective between normal and cancer 
cells, important knowledge is being acquired on the mecha- 
nisms of recognition of biological targets by effective drugs. 
In this context, topoisomerases are useful targets to be 
exploited for specificity. Available results indicate that the 
biologically relevant specific DNA-binding properties of 
topoisomerase poisons occur through a protein-mediated 
process. Hence, the cleavage complex interface represents a 
unique structural feature, differing from DNA-sequence to 
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DNA-sequence. Small molecules are able to fit into this 
intermediate and generate site-selective contacts with the 
enzyme—DNA adduct. By properly exploiting the drug's 
ability to recognize more specifically its target, it should be 
possible to rationally design compounds able to transform the 
topoisomerase into an endonuclease that cleaves DNA at 
very few selected sites along the genome, thus, triggering the 
apoptotic process m malignant cells only. This will hopefully 
yield new powerful anticancer agents, able to distinguish 
between mutated and normal DNA, hence, to spare healthy 
cells from death. Although we are still far from being able to 
do so, the combined information on reversible, irreversible, 
type and isoform specificities exhibited by the topoisomerase 
poisons is rapidly yielding the seminal knowledge to suc- 
cessfully proceed in that direction. 
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Abstract 


The objective of our study was to investigate the self-association and DNA-binding properties of the DNA topoisomerases I (Topo I) and 
II (Topo II) dual inhibitor. 6-[[2-(dimethylamino)ethyl]amino]-3-hydroxy-7 H-indeno[2,1-c]quinoline-7-one dihydrochloride (TAS-103), by 
means of 'H-NMR and ?!P-NMR spectroscopy, structure computation techniques, thermal melting study, and UV —Visible spectroscopy In 
aqueous solution, all chemical shifts of TAS-103 underwent upfield shifts depending with an increase m concentration The two-dimensional 
(2D)-NMR spectra and structure computations indicated that TAS-103 self-associated through 7—7a stacking and hydrophobic interactions of 
the aromatic chromophores Thermal melting indicated that the bmding of TAS-103 to DNA with a potency equal to that of ethidium bromide 
(EtBr). The UV —Visible spectra of TAS-103 titrated by several DNA exhibited hypochromic and hypsochromic effects The *)P-NMR 
spectrum of the 6:1 TAS-103/d(CGCGAATTCGCG), complex showed two broadening signals 2D-NMR spectra of the 1:1 TAS-103/ 
d(CGCGAATTCGCG), complex indicated that the chemical shift differences of the DNA are very small. However, those of the terminal 
region are relatively large. The chemical shift differences of TAS-103 showed that the proton resonances except H2 underwent downfield 
shifis. From these observations, we conclude that TAS-103 binds to DNA by two modes The major binding mode is on the surface (outside 


binding) and the minor binding mode by intercalation. © 2002 Elsevier Science B.V. All rights reserved 


Keywords: TAS-103, Self-assuciation, DNA binder; Topoisomerase; Dual inhibitor 





1. Introduction 


Topoisomerases are enzymes that relieve the secondary 
twist on the DNA strands in the process of DNA synthesis 
and transcription via breakage, passage and reunion of the 
DNA strands. Two types enzymes, topoisomerase I (Topo I) 
and II (Topo ID, are known and they have been recognized as 
significant targets of anticancer agents. During our research 
for a novel DNA topoisomerase I and II dual inhibitor, one of 
some indenoquinorine derivatives (6-[[2-(dimethylamino) 
ethyl]Jamino]-3-hydroxy-7 H-indeno[2,1 -c]quinolin-7-one 


Abbreviations: TAS-103,  6-[[2-(dimethylamino)ethyl]amno]-3-hy- 
droxy-7H-indeno[2,1-c]quinoline-7-one dihydrochloride, Topo L DNA 
topoisomerase I, Topo Il, DNA topoisomerase II; 2D, two dimensional, 
CT-DNA, calf thymus DNA, EtBr, ethidtum bromide; NOE, nuclear 
Overhauser effect; NOESY, NOE spectroscopy, DQF-COSY, double 
quantum filtered correlated spectroscopy, TOCSY, total correlated spectro- 
scopy, Tm, melting temperature; RMSD, root mean square deviation 

* Corresponding author. . 

E-mail address asao@taiho.co Jp (T Asao) 





dihydrochloride (TAS-103); Fig. 1) was found to be such a 
dual inhibitor of Topo I and II and exhibited highly potent 
and broad anticancer activities in animal models [1 —3]. The 
mechanism of TAS-103 at the molecular basis has not been 
clarified, but we considered that the major target would be 
DNA because of its strong binding affinity to DNA. We 
describe here the self-association and DNA-binding proper- 
ties of TAS-103 determined with the aid of 'H-NMR and 'H- 
NMR spectroscopies, structure computation techniques, 
UV - Visible spectroscopy, and thermal melting study. 


2. Experimental procedure 
2.1. Sample preparation 


Calf thymus DNA (CT-DNA), poly[d(A-T);], and poly 
[d(G-C)5] were purchased from Pharmacia LKB Biotechnol- 
ogy. The synthetic oligonucleotide, d(d(CGCGAATTCGCG), 
was purchased from Sawady Technology (Tokyo, Japan). 
Stock solutions of these oligonucleotides for thermal melt- 
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Fig. 1 Chemical structure of TAS-103 


ing studies and UV — Visible spectroscopy (1 mM in nucleo- 
tide base) were prepared in buffer (10 mM Tris-HCl, 50 
mM NaCl, 10 uM EDTA, pH 7.4). A stock solution of 
d(CGCGAATTCGCG), for NMR spectroscopy (1.54 mM 
in double strand) was prepared in phosphate buffer (10 mM 
sodium phosphate, 50 mM NaCl, pH 7.0). The DNA dup- 
lex was annealed by heating at 80 °C for 1 h and cooling to 
25 °C over 6 h. Concentrations of these oligomers (per 
nucleotide base) were determined from their absorbances at 
260 nm after melting, using the following extinction coef- 
ficients: £559, of oligonucleotides: 9225 M7! cm `! for 
d(CGCGAATTCGCO) [4], 6600 M ^! cm ^ ! for CT-DNA 
[5], 6500 M^! cm ^! for poly[d(A-T);] [6], 8400 M^! 
em `! (255 nm) for poly[d(G-C);] [7]. TAS-103 was syn- 
thesized in our laboratory. Ethidium bromude (EtBr) was 
purchased from Nacalai Tesque (Kyoto, Japan), acti-nomy- 
cin D from Fluka, netropsin—HCl from SERVA. Stock 
solutions of these compounds were prepared by weighing 
and dissolving in D20, and pH was adjusted by adding small 
amounts of dilute HCl or NaOH solution. 

For NMR experiments in H,O, the DNA solution was 
lyophilized and then redissolved in 0.7 ml of 9:1 H20/D,0. 
For NMR experiments in D20, the DNA solution was 
lyophilized three times from 99.9% DoO and finally redis- 
solved in 99.996% D20. TAS-103/DNA complexes were 
prepared by adding appropriate amounts of the stock sol- 
ution of TAS-103 to the DNA solution. Sodium 3-trime- 
thylsilylpropionate-2, 2, 3, 3-d4 (TSP) and H;3PO, were used 
as an internal references for 'H- and ?'P-NMR spectroscopy, 
respectively. 


2.2. NMR spectroscopy 


NMR experiments were carried out on a Varian UNI- 
TYplus 500 spectrometer operating at a proton resonance 
frequency of 499.85 MHz and equipped with a Sun SPARC- 
station 20 host computer running VNMR (Varian) system 
software. 

The nuclear Overhauser effect spectroscopy (NOESY) 
[8], double quantum filtered correlated spectroscopy (DQF- 
COSY) [9], and total correlated spectroscopy (TOCSY) 
[10,11] spectra were acquired using the method of States 
et. al [12]. The NOESY spectra in H20 were acquired by 
replacing the last 90? pulse by a 1—1 spin-echo pulse 


sequence to suppress the large water resonance [13]. All 
two-dimensional (2D) data sets were acquired non-spinning 
to reduce f, noise and other artifacts. 

NMR data were processed with NMRPipe software 
(Molecular Simulations) on a Silicon Graphics Indigo* 
Extreme workstation. The 2D-NMR data sets were zero- 
filled to 2048 points in both dimensions and processed using 
90°-shifted sinebell window function in #, and to. 

NOE cross peak volumes of a NOESY spectrum were 
obtained by cross peak integration using NMRCompass 
software (Molecular Simulations). These peak volumes 
were converted into distances by the two-spin approxima- 
tion [14]. The cross peak volumes were classified semi- 
quantitatively into three categories: strong (between 1.9 and 
2.5 A), medium (between 2.5 and 3.5 A), or weak (between 
3.5 and 5.0 A). 


2.3. Structure computations 


All computations were executed on a Silicon Graphics 
Indigo Extreme workstation. Model building and molec- 
ular dynamics were done with the programs QUANTA, 
CHARMm, and X-PLOR [15] (Molecular Simulations). 
The standard protocols were as follows: (a) high temper- 
ature dynamics in 2500 steps with a time step of 0.005 ps at 
1000 K, (b) cooling dynamics in 3000 steps to a final 
temperature of 300 K, and (c) refine dynamics in 5000 steps 
with a time steps of 0.001 ps from an initial temperature of 
300 K. During all computations, a square-well potential 
function was used for the NOE restraints, and the restraints 
scale ot Tor the NOE energy term was set to 100 kcal 
mol! À 2. 


2.4. Determination of association constant for self-associ- 
ation of TAS-103 


Association constant for TAS-103 was obtained from the 
simple dimenzation model, which gives K,=[A2]/[A? M ^! 
where [A2] and [A] are the molar equilibrium concentrations 
for the dimer and monomer, respectively. K, is the associ- 
ation constant [16]. Observed chemical shifts were given by 
Sops= fAÓA tfa,Oa, Where óA and óA, were the chemical 
shifts, fa and fA, were the equilibrium mole fractions of the 
monomer and dimer forms. Ka da, and ô A, Values were 
obtained by fitting to the observed ó-concentration curves 
using a commercial data analysis program (Kaleidagraph). 


2.5. Thermal melting studies 


Thermal melting experiments were performed on a 
HITACHI U-3210 spectrophotometer connected with a 
HITACHI SPR-10 temperature controller. A 40-1 portion 
of DNA (1 mM in nucleotide base) was added to the sample 
cell containing 1960 pl of binding buffer in the absence or 
presence (5 uM) of the compound (concentration of DNA in 
nucleotide base is 20 uM). The absorption at 260 nm was 
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measured at 30-s intervals from 10 to 90 °C. The cell 
temperature was monitored and increased approximately 2.0 
°C/min. Melting temperature (Tn) values were determined 
from first-derivative plots [17]. 


2.6 UV- Visible spectroscopy 


UV-—Visible absorption spectra were measured on a 
HITACHI U-3210 spectrophotometer linked with a HITA- 
CHI SPR-10 temperature controller. Spectral titrations were 
carried out at 18 °C. After a careful determination of the 
baseline of the spectrometer, an absorbance of 2.0 ml of the 
compound solution (4 uM) in binding buffer was measured 
from 420 to 650 nm, and then absorbance at 480 nm was 
measured. An 8 or 16 ul of DNA (1 mM in nucleotide base) 
was added to the sample and the reference cells, and the 
spectrum and absorbance at 480 nm were measured. This 
procedure was repeated until the spectrum remained unal- 
tered. i 

Absorbance changes at 480 nm were used to obtain 
Scatchard plots [18]. The binding data expressed as 
Scatchard plots were analyzed by the excluded site model 
of McGhee and von Hippel [19]. The absorbance of the 
compound completely bound with DNA was obtained by 
extrapolation of the absorbance against compound-to- 
DNA molar ratio. The fraction of compound bound to 
DNA (c) after each addition durmg the titration was 
calculated from the equation c-(4r— Ay(Ar— Ay), where 
Ag is the absorbance of free compound, A, is the absorb- 
ance of the bound compound and 4 is the observed 
absorbance. From the value of c, the variables C; (molar 
concentration of free compound) and R, the binding ratio 
(compound bound per base pair) were calculated. The 
binding parameters were estimated using the model of 
McGhee and von Hippel [16]. The data were fitted to the 
equation 


R/C; = K(1 — nR)((1 — nR)/[1 — (n — 1)g] ^? 


where K is the intrinsic association constant and n is the 
number of nucleotide bases occluded by one bound com- 
pound. Only binding data in the fraction bound range 
between 0.2 and 0.8 were used. Binding data outside this 
range were subject to large errors as a result of experimental 
error in determining the free and bound absorbance. 


3. Results 
3.1. Self-association of TAS-103 


The 'H-NMR spectra of TAS-103 in D20 at 20 °C (pH 
1.5 or 7.5) were measured at several concentrations. A 
representative result is shown in Fig. 2. In acidic (pH 1.5) 
and neutral (pH 7.5) conditions, the chemical shifts of all 
proton resonances, particularly aromatic protons underwent 


(a) 0 11 mM 
(b) 11 mM 
(c) 11 mM 

110 mM 
(d) 


Fig. 2 !H-NMR of aromatic region of TAS-103 in D;O at 20 °C, pH 1 5 
The concentrations of TAS-103 are (a) 0.11 mM, (b) 1 1 mM, (c) 11 mM, 
(d) 110 mM 


upfield shifts in a concentration dependent manner. How- 
ever, upfield shifts at pH 7.5 between 5.5 and 94 mM were 
relatively small and line-broadenmg of the signals were 
observed. Any significant signals at pH 7.5 were not 
detected over 100 mM because of the poor solubility. 

Self-association constants of TAS-103 were determined 
by comparing the chemical shift-concentration data of H4 at 
pH 1.5 and 7.5 with theoretical ó-concentration curves (Fig. 
3) where the simple dimerization model was used. The 
calculated association constant (K,), limiting chemical shift 
of monomer (óA), and that of dimer (04) were 0.10 x 10? 
M ^ !, 7.33 ppm, and 6.39 ppm at pH 1.5 and 8.87 x 10° 
M !, 683 ppm, and 5.91 ppm at pH 7.5, respectively. 
Similar values were obtained upon calculation based on the 
chemical shift changes of the other aromatic protons (the 
data are not shown). 

Assignments of the proton resonances of TAS-103 were 
performed by several 2D-NMR spectra (DQF-COSY, 
TOCSY, NOESY) (Table 1). 

Interproton distance constraints were estimated from the 
cross peak volume of the NOESY spectrum. Linearity of the 
NOE peak volume was checked at Tm = 60—360 ms to avoid 
spin diffusion contribution and there was little effect in this 
mixing time range. Therefore, the data for z, — 300 ms were 
used to get the peak volumes that were converted ito the 
interproton distance by a two-spin approximation based on 
an HI-H2 distance of 2.4 À as a reference. Ambi- 
guous distance constraints between intra- and intermolecular 
and all of the intramolecular distance constraints were 
rejected. Finally, 24 intermolecular distance constraints were 
obtained. 
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Chemical shift (ppm) 





0 50 100 150 200 250 300 350 
Concentration of TAS-103 (mM) 


Fig 3 Concentration dependence of H4 of TAS-103 at 20 °C, pH 1 5 and 
75. Solid curves give the best-fit theoretical curves 


3.2. Thermal melting studies 


The AT, (ATm=Tm of complex — Tm of free nucleic 
acid) values of DNA gives-a qualitative comparison of the 
relative binding strengths of a compound with DNA. The 
AT,, of typical DNA-binding compounds, EtBr, actinomy- 
cin D, and netropsin were measured, together with that of 
TAS-103, in order to compare their relative binding affin- 
ities. The results are shown in Table 2. 


3.3. UV— Visible spectroscopy 


The UV-Visible spectra of TAS-103 titrated with 
d(CGCGAATTCGCG), at 18 °C are shown in Fig. 5. The 
same experiments were executed poly[d(A-T);], poly[d(G- 
C);], and CT-DNA, respectively. The titration curves were 
nearly identical with each oligomer producing hypochromic 
and hypsochromic effects. The Scatchard plots at 480 nm 


Table 1 
Proton chemical shift assignments (ppm) of 5 5 mM TAS-103 in D5O at 
11 °C, pH 99 


Hi 6 68 


H2 6 03 
H4 564 
H8 6.48 
H9 6.77 
H10 6.72 
H11 6.58 
H12 297 
H13 2.67 
H14 252 





Table 2 
Thermal melting studies? 


Compound Calf thymus Poly[d(A-T)2]  d(CGCGAATTCGCG) 
DNA AT, AT, (°C) AT. COP ` 
(so) 

TAS-103 60 125 30 

EtBr 60 10.0 4.0 

ActinomycinD 75 0.0 14.5 

Netropsin 105 275 -* 


? Polymer Tms are 775 °C for calf thymus DNA, 56.5 °C for 
poly[d(A-T);] and 45 0 °C for d(CGCGAATTCGCG), 

> AT, 18 the [(Zm of bound) — (Tm of native polymer] 

* Not detected 


are shown in Fig. 6. The solid lines drawn through the data 
are nonlinear least-squares best fit values with the cooper- 
ative model of McGhee and von Hippel [19]. The intrinsic 
association constant, K, and the number of nucleotide bases 
occluded by one bound compound, n, for each oligomer are 
provided in Table 3. 


3.4. 2! P-NMR spectroscopy 


Fig. 7 shows the ?!P-NMR spectra of d((CGCGAATTCG 
CG) in the presence and the absence of TAS-103. Six 
resonance signals in the region between —3.0 and —2.4 
ppm were observed. Addition of TAS-103 to the d(CGCGA 
ATTCGCOG), solution caused two broadening signals in the 
region between — 3.3 and — 1.0 ppm, the main signal at 
— 2.5 ppm and the minor signal at — 1.7 ppm. By contrast, 
all resonances of d(CGCGAATTCGCG), were upfield- 
shifted upon addition of a typical intercalator EtBr. 


3.5. ! H-NMR spectroscopy 


3.5.1. Titration of d((CGCGAATTCGCOG); with TAS-103 

'H-NMR spectra of the imino proton region of d(CGCG 
AATTCGCG), upon titrating with TAS-103 in H,O are 
shown in Fig. 8. The 'H-NMR spectrum of the free DNA 
shows five imino proton resonances at 12.6—13.9 ppm. The 
terminal imino proton of the duplex was not observed by 
rapid exchange with solvent protons. However, a broad 
resonance of the imino proton of the terminal base pairs 
was detected at 3 °C. These results indicate that this sym- 
metrical oligonucleotide is present in double stranded form 
in this condition. 


Table 3 

Binding parameters of TAS-103 to various oligonucleotides 
Oligonucleotide K (M `! n 
d(CGCGAATTCGCG); 22 x 10° 4.7 
Poly[d(A-T);] 46 x 10? 33 
Poly[d(G-C);] 55 xi105 55 
Calf thymus DNA 4 8 x 10° 3.0 


* The intrinsic association constant. 
> The number of nucleotide bases occluded by one bound compound 
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When the duplex was titrated with TAS-103, all imino 
proton resonances were broad, particularly over the DNA/ 
TAS-103 ratio 1:2. With DNA/TAS-103 ratio of 1:1, only 
one broadening was observed at 13.0 ppm. Therefore, the 
1:1 TAS-103/4(CGCGAATTCGC), complex was used for 
further NMR experiments. 


3.5.2. Proton resonance assignments 

The nonexchangeable proton resonances of the free DNA. 
were assigned using the DOF-COSY, TOCSY, and NOESY 
spectra recorded in D20 buffer in a sequential manner 
according to the reported procedures [20—23]. Sequential 
assignment of the base protons (purine H8 and pyrimidine 
H6) and sugar Hl' protons have been performed by 
NOESY (200 ms mixing time) spectrum. Spin connectivity 
between deoxyribose and cytosine (H5—H6) or thymine 
(Me H6) was identified by TOCSY spectrum. 

The exchangeable proton resonances of the free DNA 
were assigned using the NOESY (200-ms mixing time) 
spectrum recorded in H20 buffer [24]. The amino proton 
resonances of the cytosines were assigned by the correlation 
of the guanine imino proton with hydrogen-bonded and 
exposed cytosine amino protons within a GC base pair. 
Adenine H2 resonances were identified by NOESY cross- 
peaks from base-paired thymine H3 imino protons (Table 4). 

Similarly, the nonexchangeable and exchangeable proton 
resonances of the 1:1 complex of the DNA with TAS-103 
were assigned. The nonexchangeable proton resonances of 
TAS-103 in the TAS-103/DNA complex were identified by 
TOCSY and NOESY spectra (Table 5). 

The chemical shift differences between the free and the 
complex forms are shown in Fig. 9. The proton resonances 
of the DNA except G12-H2' underwent upfield shifts and 


Table 4 

Proton chemical shifts (ppm) of free DNA, d(CGCGAATTCGCG),” 

Residue H13 H2 H4(1) H8/ H5/ HY HZ/277 HY HW 
4(2)° H6 Me 





Cl 7.65 5.92 5.76 1.98/2.42 4.72 4.08 
G2 13.10 7.96 5.89 2.66/2.72 4.98 4.35 
C3 6.47/8.41 7.28 5.38 5.57 1.86/228 481 4.14 
G4 12.70 7.87 5.46 2.67/2.7] 5.01 4.33 
AS 7.21 8.12 6.00 2.71/2.96 5.07 4.48 
A6 7.63 8.13 6.17 2.58/2.96 5.03 4.48 
T7 13.70 7.15 1.28 5.93 2.03/2.60 4.85 4.23 
T8 13.84 7.39 1.54 6.12 2.19/2.57 4.92 4.23 
C9 6.85/8.43 7.47 5.63 5.70 2.08/2.44 4.90 4.17 
G10 12.92 7.92 5.85 2.67/2.69 5.00 4.38 
Cil 6.64/8.49 7,35 5.45 5.75 1.91/2.34 4.82 4.16 
G12 7.96 6.17 2.63/2.38 4.69 4.19 





* Nonexchangeable and exchangeable hydrogen resonances were 
assigned from data recorded at 20 °C. The spectra were collected in buffer 
(50 mM NaCl, 10 mM sodium phosphate, pH 7.5). Chemical shifts were 
relative to the methyl singlet of TSP at 0 ppm. 

> The non-hydrogen-bonded amino proton. 

* The hydrogen-bonded amino proton. 


Table 5 

Proton chemical shifts (ppm) of the 1:1 TAS-103/d(CGCGAATTCGCG), 

complex* 

Residue H1/3 H2 Ha4(1)) H8/ H5/ HY H2'/2 H3 Ha 
4Qy H6 Me 





Ci 7.60 5.83 5.69 1.95/2.38 4.70 4.07 
G2 13.00 7.93 5.84 2.64/2.66 4.96 4.33 
C3 6.42/8.35 7.26 5.35 5.56 1.84/2.25 4.74 4.12 
G4 12.67 7.85 5.43 2.65/2.74 4.95 4.30 
AS 7.19 8.11 5.98 2.69/2.94 5.04 4.45 
A6 7.59 8.12 6.15 2.57/2.93 5.02 4.46 
T7 13.68 7.14 126 5.91 2.01/2.58 — 4.20 
T8 13.82 7.37 1.52 6.10 2.17/2.55 4.90 — 

C9 6.81/8.40 7.46 5.60 5.69 2.05/24l — 4.16 
G10 12.87 7.90 5.82 2.64/2.67 5.00 4.36 
Ci 6.55/8.40 7.30 5.38 5.71 1.86/229 4.79 4.12 
G12 7.90 6.06 2.63/2.38 4.67 4.17 





* Nonexchangeable and exchangeable hydrogen resonances were 
assigned from data recorded at 20 °C. The spectra were collected in buffer 
(50 mM NaCl, 10 mM sodium phosphate, pH 7.7). Chemical shifts were 
relative to the methyl singlet of TSP at 0 ppm. 

> The non-hydrogen-bonded amino proton. 

° The hydrogen-bonded amino proton. 


the proton resonances of TAS-103 except H2 underwent 
downfield shifts. 


4. Discussion 
4.1. Self-association of TAS-103 


The chemical shifts of all proton resonances of TAS-103 in 
D.O underwent upfield shifts depending upon the increase of 
concentration. The upfield shifts of aromatic protons are 
explained by intermolecular stacking interaction of the aro- 
matic chromophores as observed in a wide variety of mole- 
cules containing delocalized m-ring system such as purine 
derivatives, acridines, and actinomycin [25—27]. It 1s inter- 
esting that the self-stacking of TAS-103 was pH dependent as 
well as concentration dependent. The association constant at 
pH 7.5 was 8.87 X 10° MT! and it was about 90 times 
greater than that at pH 1.5 of 0.10 x 10° M ^ 

A model of self-associated TAS-103 was prepared 
based on the intermolecular distance constraints obtained 
by the NOESY spectrum and subjected to molecular 
dynamics calculations. One hundred conformers of the 
dimer were generated. Ten structures having lower poten- 
tial energy were selected and the resulting RMSDs of 
these structures were within 2.0 À. The aromatic chro- 
mophores of TAS-103 were stacked with each other as 
shown in the 10 superimposed structures (Fig. 4). The 
amino side chains were located in the opposite side. This 
conformation would be reasonable in aqueous solution 
since the hydrophobic chromophores interact through a— 
T stacking and hydrophobic interactions. The positive- 
charged hydrophilic side chains located outside of the 
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Fig. 4. Ten superimposed structures of the TAS-103 dimer. 


dimer and face to water that stabilizes by hydrogen 
bonding and solvation effects. Less association corstant 
at lower pH could be explained by the repulsion of the 
positive charges on the ring nitrogen against a hydrophilic 
aromatic chromophore. 


4.2. DNA-binding of TAS-103 


The melting temperatures of CT-DNA, poly[dtA-T)], 
and d(CGCGAATTCGCG), were increased by approxi- 
mately 6.0, 12.5, and 3 °C, respectively, when TAS-103 
bound to DNA. Increase of the melting temperature (AT) 
of a typical intercalator EtBr was 6.0 ^C for CT-BNA, 
10.0 °C fer poly[d(A-T);], and 4.0 °C for d(CGCGAATT 
CGCG), respectively. These results indicate that the rel- 
ative binding strength of TAS-103 for the double-stranded 
form of DNA is equal to that of EtBr. 

Titration of TAS-103 with DNA was monitored by JV — 
Visible spectra to determine the binding constant. When 
TAS-103 was titrated with d(CGCGAATTCGCG), Eypo- 
chromic and hypsochromic effects were observed without 
any isosbestic point (Fig. 5). A similar change of spectra 
was also exhibited on titrations with poly[d(A-T)-]. pol- 
y[d(G-C);]. and CT-DNA, respectively. On the other band, 
titration of a typical intercalator such as EtBr or actinomycin 
D with DNA caused a bathochromic effect with isostestic 
point. These results suggest that TAS-103 bound to DNA by 
multiple modes and not intercalation. The Scatchard plets of 
TAS-103 with oligonucleotide showed an intrinsic birding 
constant and number of nucleotide bases occluded by one 
bound TAS-103 (Fig. 6 and Table 2). TAS-103 boumd to 
Poly[d( A-T);], poly[d(G-C);]. and CT-DNA with high affin- 
ities, K=4.6 x 105, 5.5 x 10°, and 4.8 x 10° M ` |, respec- 
tively. However, d(CGCGAATTCGCO), exhibited about 
half binding constant of 22 x 10° M ` '. 

Next, we analyzed the *!P-NMR spectroscopy of the 
complex of TAS-103 with the double-stranded form of 
DNA. The ?!'P-NMR spectrum of d(CGCGAATTCGCZG), 
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Fig. 5. UV - Visible spectra of TAS-103 titrated by d(CGCGAATTCGCG) 
at 18 °C. The concentration of the compound is 4.0 uM. The ratios of 
nucleotide bases per compound of spectra are 0, 1, 2, 3, 5, 7, 9, 11, 13. 15, 
17, 19, 21, 23, and 25 from top to bottom respectively. 


showed six sharp resonance signals at — 3.0 to. — 2.4 ppm 
(Fig. 7a), indicating a single conformer. When TAS-103 was 
added to the DNA solution, two broadening signals in the 
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Fig. 6. Scatchard plots for titrations of TAS-103 with poly[d(A-T);] (open 
circles), polv[d(G-C).] (solid circles), d(CGCGAATTCGCG), (open 
triangles) and calf thymus DNA(CTDNA Y) (solid triangles) at 18 °C. The 
points are experimental binding data in the fraction bound range between 
0.2 and 0.9. The solid lines are the nonlinear least-squares best fits to the 
McGhee and von Hippel model. 
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i Intercalation 


Non-intercalation 


(c) + Ethidium Bromide 
(b) + TAS-103 
8 i 
(a) i d(CGCGAATTCGCG)2 
-0.0 -1.0 -2.0 -3.0 -4.0 ppm 


Fig. 7. ?!P-NMR spectra of (a) d((CGCGAATTCGCO), (b) the 6:1 TAS- 
103/4(CGCGA ATTCGCG), complex, and (c) the 6:1 EtBr/d(CGCGAAT 
TCGCG) complex in H;O buffer at 20 °C, pH 7.0. 


region between — 3.3 and — 1.0 ppm appeared (Fig. 7b) 
(main signal at — 2.5 ppm and minor signal at — 1.7 ppm). 
On the other hand, upon addition of EtBr to the DNA 
solution, one new broadening signal at — 1.9 ppm was 
observed (Fig. 7c). These downfield shifts of the ?!P 
resonances of DNA backbone have been reported in pre- 
vious studies on DNA- intercalator complexes [28,29]. 
From these results, the new minor downfield-shifted signal 
at — 1.7 ppm observed in TAS-103 would be attributed to 
intercalation. However, the another main signal at — 2.5 
ppm could not be explained by intercalation. 

The imino proton resonances of DNA are good probes 
for identifying binding mode.of a DNA-binding com- 
pound. It is able to distinguish three modes of drug 
binding based on the spectral changes [30]. Intercalators 
show upfield shifts of both the AT and GC resonances, 
often accompanied by some broadening of the resonance. 
Minor groove binders show downfield shifts of the AT 
resonances. Little or no spectral changes in the imino 
proton resonances occur in outside binders that are 
caused by electrostatic interactions between the phosphate 
backbone of DNA and positive charge of the compound 
with an unspecified manner. Therefore, change of imino 
proton resonances of DNA titrated by TAS-103 was 


analyzed by 'H-NMR spectroscopy in order to identify 
the two binding modes of TAS-103 to DNA assumed by 
31p-NMR spectroscopy. When d(CGCGA-ATTCGCG); 
was titrated with TAS-103, all imino proton resonances 
were gradually broadening and the chemical shift changes 
were small, as shown in Fig. 8. However, minor upfield- 
shifted signals were detected in the region from 11.6 to 
12.3 ppm and from 13.0 to 13.4 ppm. These data indicate 
that TAS-103 has mainly two binding modes as observed 
in the study of ?!P-NMR spectroscopy. Minor binding 
mode was confirmed to be an intercalation, which was 
assumed by ?!P-NMR spectrum, and major binding mode 
would be an outside binding. Similar binding models have 
been proposed in intoplicine derivatives by surface- 
enhanced Raman scattering (SERS) and CD spectroscopy 
[31]. They concluded that the poisoning ability of dual 
Topo I and Topo II of intoplicine would due to its ability 
simultaneously to form two types of DNA complexes: a 
*deep intercalation mode' responsible for Topo I-mediated 
cleavages and an 'outside binding mode' responsible for 
Topo II-mediated cleavage. 

Finally, 2D-NMR experiments were executed using the 
1:1 TAS-103/d(CGCGAATTCGCG), complex. The chem- 
ical shift differences of the central residues (G4—C9) of the 
DNA were very small ( < 0.04:ppm), as shown in Fig. 9, but 
those of the terminal region were relatively large. These 


Non-intercalation intercalation 
(e) : 1:4 
(d) 


(c) 


(b) 1:1 






d(CGCGAATTCGCG)2 : TAS-103 


(8) 1:0 


———— 
14.5 14.0 13.5 13.0 12.5 12.0 11.5 ppm 


Fig. 8. Imino region of ‘H-NMR spectra of (a) d(CGCGAATTCGCG), (b) 
1:1, (c) 2:1, (d) 3:1, (e) 4:1 TAS-103/d(CGCGAATTCGCG), complex in 
H20 buffer at 20 °C, pH 7.6. ' 
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Fig. 9. Chemical shift differences of DNA and TAS-103 proton resonances between the free and complex form. The values indicate the chemical shift 
difference (ppm) obtained from (chemical shift of free form) — (chemical shift of complex form). The positive and the negative values indicate the upfield and 


the downfield shift of resonance, respectively. 
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Fig. 10. Schematic representation of the self-association and DNA-binding 
of TAS-103. 


small chemical shift changes indicated that conformational 
change of the DNA was small and the binding mode of 
TAS-103 was an outside binding. Upfield-shifted protons 
( > 0.05 ppm) were located in the DNA major groove where 
CI -—H5, G2- NH, C3-NH2(1,2), C11 -H5, C11 -NH2(1,2), 
and G12—HS are located. TAS-103 would interact with the 
terminal region of DNA by outside binding from the major 
groove followed by with the central region on concentration 
dependent manner of TAS-103. 

In conclusion, TAS-103 was self-associated in aqueous 
solution through 7—m stacking and hydrophobic interactions. 
TAS-103 showed a strong binding affinity for DNA and it 
interacts with DNA by mainly two binding modes. Major 
binding mode is an outside binding from major-groove and 
minor binding mode is an intercalation. Interacting with DNA 
would cause simultaneous destabilization of the self-associ- 
ation property of TAS-103. The schematic representation of 
the self-association and DNA-binding of TAS-103 is shown 
in Fig. 10. We recently have found that the mode of DNA 
binding of TAS-103 was greatly dependent upon the pH. Its 
detail analyses are ongoing. 
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Abstract 


Drug resistance is often a limiting factor in successful chemotherapy. Our laboratory has been interested m studying mechanisms of 
resistance to drugs that are targeted to the thymidylate biosynthesis pathway especially those that target thymidylate synthase (TS) and 
dihydrofolate reductase (DHFR). We have used leukemia as a model system to study resistance to methotrexate (MTX) and colorectal cancer 
as the model system to study S-fluorouracil (5-FU) resistance. In leukemias, we and others have shown that transport, efflux, 
polyglutamylation and hydrolase activities are major determinants of MTX resistance. We have further reported that some leukemic cells 
have an increase in DHFR gene copy number possibly contributing to the resistant phenotype. Recently, we have begun to study in detail the 
molecular mechanisms that govern translational regulation of DHFR ın response to MTX as an additional resistance mechanism. Studies thus 
far involving colorectal tumors obtained from patients have focused predominantly on the predictive value of levels of TS expression and p53 
mutations m determining response to 5-FU Although the predictive value of these two measures appears to be significant, given the variety 
of resistance to 5-FU observed in cell lines, it is not likely that these are the only measures predictive of response or responsible for acquired 
resistance to this drug. The enzyme undine—cytidme monophosphate kinase (UMPK) 1s an essential and rate-limiting enzyme ın 5-FU 

, activation while dihydropynmidine dehydrogenase (DPD) is a catabolic enzyme that inactivates 5-FU. Alterations in UMPK and DPD may 
therefore explain failure of 5-FU response in the absence of alterations in TS or p53. Transcription factors that regulate TS may also influence 
drug sensitivity We have found that mRNA levels of the E2F family of transcription factors correlates with TS message levels and are higher 
1n lung metastases than in liver metastases of colorectal cancers. Moreover, gene copy number of the E2F-1 gene appears to be increased in a 
significant number of samples obtained from metastases of colorectal cancer. We have also generated mutanis of both DHFR and TS that 
confer resistance to MTX as well as 5-FU by random as well as site-directed mutagenesis. These mutants used alone or as fusion cDNAs of 
the mutants have proven to be useful m transplant studies where transfer of these mutant cDNAs to bone marrow cells have been shown to 
confer drug resistance to recipients. The fusion cDNAs of DHFR such as the DHFR - herpes simplex virus type 1 thymidine kinase (HSVTK) 
are also useful for regulation of gene expression m vivo using MTX as the small molecule regulator that can be monitored by positron 


Abbreviations AML, acute myeloid leukemia, ALL, acute lymphoblasttc leukemia, AICAR, aminoimmidazole carboxamide ribonucleotide transformylase; 
DHFR, dihydrofolate reductase, DPD, dihydropyrimidine dehydrogenase, 5-FU, 5-fluorouracil, FAB, Franco American British classification, FUDR, 
fluordeoxyuridine, FPGS, folylpolyglutamate synthase, GGH, gamma glutamyl hydrolase; GARFT, 5’ phosphoribosyl glycmamude transformylase, GLUT, 
glucose transporter 1; HSVTK, herpes simplex virus type 1 thymidine kinase, IRES, interna] ribosome entry site; MTX, methotrexate, OPRTase, orotic acid 
phosphoribosyl transferase, PET, positron emission tomography, PCR, polymerase chain reaction, RFC, reduced folate carrier, pRb, retinoblastoma 
susceptibility gene product, TK, thymidine kinase, TP, thymidine phosphorylase; TS, thymidylate synthase; UMPK, undine—cytidine monophosphate kinase 
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emission tomography (PET) scanning or by optical imaging using a fusion construct such as DHFR —EGFP. © 2002 Elsevier Science B V. 


All rights reserved. 
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1. Introduction 


A major problem in chemotherapy is resistance to the 
chemotherapeutic agents. There are generally two major 
forms of resistance encountered in the clinic. One is intrinsic 
resistance, which is an innate property of the tumor cells and 
is not triggered by drug exposure. The other is known as 
acquired resistance, which occurs following exposure to the 
drug(s). Antifolates such as methotrexate (MTX) and fluo- 
ropyrimidines such as 5-fluorouracil (5-FU) have been used 
in the clinic for the management of childhood acute lym- 
phoblastic leukemias (ALL) and colorectal cancer, respec- 
tively, with modest success. Laboratory studies carried out 
over the years, on cell culture models as well tumor samples 
from blood and biopsy materials, have revealed a wealth of 
information regarding mechanisms of resistance to both 
these drugs. 

MTX, in combination with. other chemotherapeutic 
agents, has been used for treatment of malignancies includ- 
ing ALL, non-Hodgkin's lymphoma, osteogenic sarcoma, 
choriocarcinoma and carcinomas of breast, head and neck. 
In addition to the use of MTX for treatment of malignancies, 
it is also used for treatment of nonmalignant conditions such 
as rheumatoid arthritis, psoriasis and m the prevention of 
graft versus host disease [1]. Although response to treatment 
is observed in patients, many of them relapse due to 
development of resistance. The underlying mechanisms 
responsible for resistance to MTX have been the subject 
of intense investigation for the past decade. 

The primary cellular target of MTX, and other antifolates, 
is the enzyme dihydrofolate reductase (DHFR), which cata- 
lyzes the reduction of folate and 7,8 dihydrofolate to 5,6,7,8 
tetrahydrofolate [2]. To act on this intracellular target, MTX 
enters the cell primarily by an active carrier transport 
mechanism also shared by the reduced folates and mediated 
by the reduced folate carrier (RFC) [3]. Once inside the cell, 
MTX is modified so that it is retained in the cell. This is 
accomplished by addition of glutamate residues (up to five) 
catalyzed by the enzyme folylpolyglutamate synthetase 
(FPGS) [4,5]. MTX and polyglutamylated forms of MTX 
are tight binding inhibitors of DHFR and interfere with 
pyrimidine viz. thymidylate biosynthesis. MTX polygluta- 
mates as well as dihydrofolate polyglutamates are also 
inhibitors of enzymes involved in purine biosynthesis includ- 
ing 5'-phosphoribosylglycinamide transformylase (GAR 
transformylase) and aminoimidazole carboxamide ribonu- 
cleotide transformylase (AICAR transformylase) [6—8]. 
Enzymatic removal of glutamyl groups from polyglutamy- 
lated forms of both folates and MTX is catalyzed by gamma 
glutamyl hydrolase (GGH). This enzyme maintains a balance 


between the various glutamylated forms in concert with 
FPGS [9—12]. 


2. Mechanisms of resistance 


In experimental cell culture model systems, four common 
mechanisms of resistance to MTX have been identified; 
decreased uptake of the drug, decreased retention due to 
defective polyglutamylation or increased polyglutamate 
breakdown, increased DHFR activity as well as decreased 
binding of MTX to DHFR [13]. 


2.1. Transport 


The most common mechanism of resistance to MTX is 
defective transport of the drug. This is true for cell culture 
model systems as well as leukemic blast cells from patients 
with ALL and osteogenic sarcoma at the time of relapse 
after MTX treatment. This 1s an example of acquired 
resistance to MTX after acute or chronic exposure to 
MTX [14-16]. With the recent cloning of the gene encod- 
ing the mouse as well as the human RFC, it is now possible 
to determine the molecular basis of resistance in cells that 
have impaired MTX uptake [16—19]. Using a complemen- 
tation assay, a mouse cDNA clone has been identified that 
partially restores the transport defect in a human breast 
cancer cell line ZR75 [18]. This gene codes for a protein of 
58 kDa and has structural similarity with the human glucose 
transporter GLUTI. Hydropathy analysis has revealed that it 
contains 12 transmembrane domains and belongs to the 
superfamily of transporter molecules collectively referred to 
as the major facilitator superfamily, members of which carry 
out sugar transport in mammalian cells [20]. The human 
cDNA clone that complement transport defect in a Chinese 
hamster ovary cell line encodes a putative RFC of 64 kDa 
with approximately 50% homology to the hamster and 
mouse RFCs at the amino acid level [19]. Yang et al. [21] 
have identified mutations in the human RFC protein as 
major determinants of MTX resistance in leukemia and 
osteogenic sarcoma patient samples. 


2.2. Polyglutamylation 


MTX, upon entry into the cell, is modified by the 
sequential addition of glutamate residues catalyzed by the 
enzyme FPGS. The ability to form long chain polygluta- 
mates of MTX correlates well with the therapeutic outcome 
of several leukemias. Adult T and B lineage ALL have been 
found to accumulate lower amounts of long chain poly- 
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glutamates as compared to pediatric B lineage ALL and this 
correlates with poorer prognosis for the former [22—25]. 
Pediatric T lineage ALL was also seen to accumulate less 
long cham polyglutamates as compared to its B lineage 
counterpart [25]. Nonhyperdiploid B lineage blasts were 
also found to accumulate significantly less long chain 
polyglutamates once again correlating with outcome [24]. 
The ability to polyglutamylate has now been accepted to be 
an important determinant of outcome of leukemias, most 
likely through predicting response to MTX. It is of interest 
to note that the monoblastic subset of acute myeloid 
leukemia (AML) Franco American British (FAB) classifi- 
cation-M5 subtype was found to form polyglutamates of 
MTX as efficiently as childhood ALL blasts [26]. MTX may 
be an effective therapy for this subtype and may have been 
overlooked because other subtypes of AML are intrinsically 
resistant to MTX. Lack of accumulation of MTX polyglu- 
tamates may be due lack of formation of long chain 
polyglutamates due to impaired activity of FPGS or due to 
enhanced breakdown of the formed long chain polygluta- 
mates due to increased activity of GGH [27]. The relative 
contribution of FPGS and GGH to overall MTX resistance 
remains an area of active investigation. Mammalian FPGS 
has molecular mass of 60 kDa and catalyzes the addition of 
glutamates to all naturally occurring folates as well some 
folate analogs such as MTX. Characterization of alterations 
in FPGS at the molecular level will now be possible with the 
recent cloning of the cDNA for human FPGS [28]. Using 
sequence information made available recently a quantitative 
polymerase chain reaction (PCR) method has been devel- 
oped to measure FPGS mRNA levels in leukemic blasts. 
FPGS mRNA expression using this method correlated well 
with the enzyme activity levels [29]. Less is known about 
the enzyme GGH as compared to FPGS. The hydrolases can 
be classified broadly into two types; the lysosomal type with 
a pH optimum around 4.4 and a cytoplasmic type with an 
alkaline pH optimum with a restricted expression (small 
intestine, brain). It appears that the lysosomal hydrolase is 
more important in regulation of polyglutamate chain length. 
The bovine hepatic enzyme remains the most well-charac- 
terized lysosomal hydrolase to date. This enzyme has a 
molecular mass of 108 kDa and contains highly reactive 
sulfhydryl groups. Several laboratories including our own 
are engaged in the purification and further molecular char- 
acterization of GGH from tumor cells in an attempt to 
understand the role of GGH in intrinsic and acquired 
resistance to MTX [30,31]. Recently, Cole et al. [32] have 
reported that transfection and overexpression of GGH in 
HT-1080 human fibrosarcoma cells and MCF-7 human 
breast carcinoma cells, unexpectedly, did not result in 
MTX resistance. The clones overexpressing GGH were 
not resistant to short-term MTX exposure although these 
cells showed altered MTX accumulation and metabolism to 
long-chain polyglutamates. Moreover, changes 1n MTX 
metabolism were found to be balanced by alterations in 
accumulation and metabolism of folic acid, suggesting that 


ratio of MTX/folate accumulation may be a better predictor 
of MTX effect than accumulation of either alone. 


23 DHFR gene amplification 


As MTX is a tight-binding inhibitor of the enzyme 
DHER, an increase in the level of intracellular DHFR would 
be expected to cause MTX resistance. Exposure of tumor 
cells to increasing doses of MTX results in amplification of 
the DHFR gene. Initially, four case reports were published, 
indicating that low-level gene amplification occurs in tumor 
cells from patients treated with MTX [33a—36]. In a recent 
study reported from this laboratory, approximately 3096 of 
relapsed ALL patients (9 of 29) had low level DHFR gene 
amplification (two to four copies of the gene) as compared 
to only 1096 (4 of 38) of newly diagnosed ALL patients. 
This study confirmed that low level DHFR gene amplifica- 
tion is a mechanism of acquired resistance to MTX [36]. Of 
interest, mutations in p53 gene were seen in 7 of 9 ALL 
blast samples with DHFR amplification. In contrast, only 2 
of 26 ALL blast samples without DHFR gene amplification 
had p53 mutations [36]. In cell lines with mutated p53, a 
tumor suppressor gene, amplification of the target gene has 
been observed after antimetabolite exposure [37,38]. 


2.4. Mutations in DHFR 


Mutant forms of DHFR with reduced affinity for MTX 
have been identified in cell lines that were exposed to 
increasing doses of the drug (39—44]. In order to examine 
whether mutations in DHFR occur in patient samples, we 
have tested blast samples from over 20 patients for decreased 
binding of MTX to DHFR; in addition, we have analyzed the 
complete DHFR cDNA sequence of eight patients; six ALL 
(four relapsed and two untreated) and two patients with 
untreated AML. No evidence for decreased binding at the 
enzymatic level or alterations in the coding region of the 
DHFR cDNA were found from these patient samples. It 
seems unlikely that mutations in DHFR are a major mech- 
anism of acquired resistance in patients exposed to MTX 
[45a]. In contrast, mutations leading to a decreased affinity 
of DHFR for the antifolate pyrimethamine, used in the 
treatment of malaria, is the major cause of resistance to this 
drug [45b]. 


2.5. Translational autoregulation of DHFR 


Previous studies have shown that administration of MTX 
to patients leads to an increase in the level of DHFR protein 
in both normal and leukemic leukocytes as well as in 
erythrocytes within hours to days [46]. Studies carried out 
in vitro using a lymphoblastoid cell line showed that an 
increase in DHFR protein 1s not transcriptionally mediated 
but was abrogated by cycloheximide treatment, suggesting 
that new protein synthesis was involved. The rapid increase 
in DHFR observed after MTX treatment could have been 


D. Banerjee et al. / Biochumca et Biophysica Acta 1587 (2002) 164—173 167 


due to either protection of DHFR from degradation by 
bound MTX and/or dihydrofolate, or to an in increase in 
translation of this enzyme [47]. An increase in thymidylate 
synthase (TS) activity has been reported after 5-FU treat- 
ment, and it has been suggested that this increase may be 
due to regulation at the translational level [48]. Using a 
rabbit reticulocyte translation system, we have found that 
DHER protein inhibited its own synthesis. The reversal of 
this inhibition by MTX or FH; may explain in part the 
observed induction of DHFR activity in normal and leuke- 
mic cells after MTX treatment [49a]. In order to locate the 
region of DHFR mRNA involved 1n binding to the DHFR 
protein, we used a system where ??P-labelled in vitro tran- 
scribed RNA from different regions of the coding sequence 
of DHFR mRNA is UV cross-linked to DHFR protein and 
electrophoresed after RNAse treatment. Competition experi- 
ments with molar excess of cold RNA fragments revealed 
that a 100-base-long fragment in the coding region may be 
involved in the binding [49b]. 


2.6. Cell cycle genes and resistance to antifolates 


Loss of the functional retinoblastoma protein (pRb) may 
also contribute to antimetabolite resistance as cells lacking 
pRb may have increased levels of enzymes associated with 
proliferation (e.g. DHFR, TS) as a consequence of increased 
levels of free E2F, a transcription factor(s) that is normally 
quenched by hypophosporylated pRb. When cells begin to 
move out of G1 and into S phase, pRb becomes hyper- 
phosphorylated and releases bound E2F, which then enhan- 
ces the transcription of genes involved in DNA. synthesis 
[50]. We have observed that a human osteosarcoma cell line 
SaOs2 that lacks pRb is intrinsically resistant to MTX and 
fluoropyrimidines (FUDR) as compared to lines with pRb 
present. This cell line has a higher level of DHFR and TS 
and the increase in this activity is attributable to increased 
trancriptional activity of DHFR and TS genes. When the 
cDNA encoding pRb is reintroduced into this cell line, 
sensitivity to MTX is restored. There are other human 
sarcoma cell lines established m the laboratory that lack 
pRb and these cell lines also show a similar resistance to 
MTX and FUDR [51]. 

Since free or unbound E2F levels increase when pRb is 
hyperphosphorylated, we reasoned that activation of regu- 
lators of pRb phosphorylation like the cyclin dependent 
kinase system (the cyclin D1—Cdk4) may also result in an 
increase in DHFR levels and hence MTX resistance. Trans- 
fection of cyclin D1 into HT-1080 human sarcoma cell line 
resulted in an increase in MTX resistance in clones that 
expressed high levels but not in clones that expressed low 
levels of the gene, suggesting a direct relationship between 
the level of cyclin D1 expression and DHFR transcription 
[52]. Since certain tumors have been shown to express high 
levels of cyclin D1, it will be interesting to examine the 
relationship between overexpression of cyclin D1, DHFR 
transcription and MTX sensitivity in these tumors. It is 


becoming increasingly clear that deregulation of cell cycle 
genes has a profound effect on antimetabolite resistance. 


3. Resistance to fluorpyrimidines 
3.1. Increased levels of TS 


The levels of TS, the target enzyme of the fluoropyrimi- 
dines, and antifolate inhibitors of TS, frequently correlates 
with and may predict response to inhibitors of this enzyme. 
Although fluoropyrimidines such as 5-FU have been used in 
the clinic for colorectal cancer, drug resistance is still a 
major hurdle to successful therapy. Studies have therefore 
been undertaken to determine both intrinsic and acquired 
resistance to 5-FU. Intrinsic resistance has mostly been 
attributed to high levels of TS in tumors that occur as a 
result of increased copy number or increased transcription/ 
translation of the message and protein. Determination of 
factors that result in intrinsic resistance to fluoropyrimidines 
may allow the clinician to separate the predicted nonres- 
ponders from the group and provide them with more mean- 
ingful chemotherapeutic options. 

High TS levels generally predict for lack of response 
while lower levels are correlated with response in colorectal 
cancers [53—55]. Several groups have reported that TS 
levels generally predict not only for response but also for 
overall survival in colorectal cancers. Generally, mRNA 
levels of TS have proven to be as good predictors of 
response as well as protein levels determined by 1mmuno- 
histochemistry [53—57]. We have shown that lung meta- 
stases, which are less responsive to fluoropyrimidine based 
therapies, have a higher mean TS gene expression level than 
hepatic metastases [58a,b]. It has been reported that abdomi- 
nal metastasis had a higher level of TS gene expression than 
hepatic metastasis, and this correlated well with response; 
the hepatic metastasis being more responsive than the 
abdominal metastasis group [59], suggesting that TS levels 
vary among metastatic sites. 

In a few cases, the increase in TS was attributable to 
increased copy number while in others, the increase has been 
suggested to be a result of increased E2F-1 levels [58a,b]. 
Increased levels of TS as a result of translational upregula- 
tion or increased stability in the presence of fluoropyrimi- 
dines has been shown to occur in cell culture model systems 
[60,61]. The resultant increase in TS levels may also con- 
tribute to the resistant phenotype, although the importance of 
these mechanisms in human cancers is yet to be established. 

Polymorphisms in the TS promoter have also been reported 
to be correlated with response. Patients who are homozygous 
for a triple tandem repeat of a 28-bp sequence within the TS 
promoter had a higher level of TS gene expression than 
patients who were homozygous for a double tandem repeat 
of the same 28-bp sequence while an intermediate response 
pattern was observed for heterozygous patients [62]. Cell 
culture models have identified several mutations in TS being 
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responsible for drug resistance; however, no examples of 
mutant forms of TS have been reported in tumor samples 
from patients resistant to fluoropyrimidines [63—65]. 


3.2. E2F levels 


TS and other proteins involved in DNA synthesis such as 
DHFR, thymidine kinase (TK), ribonucleotide reductase 
(RR), and DNA Pol a are transcribed in the late G1 and 
S-phase of the cell cycle. Regulation of cell cycle progres- 
sion at the Gl checkpoint appears to be largely dependent 
upon the ability of pRb and related proteins to sequester and 
inhibit the activity of the E2F family of transcription factors, 
which results in transcription of these enzymes. Disruption 
of the pRb—E2F complex by phosphorylation of pRb by 
Cdks or p16 dysfunction leads to “free” E2F, which can 
then transactivate target genes such as TS. Studies on forced 
overexpression of E2F-1 in cell culture by us and others 
have indicated that increased expression of E2F-1 in these 
cells is associated with an increase m TS levels and to a 
lesser extent DHFR and TK levels [66—69]. In order to 
understand the biochemical basis for the differential 
response of hepatic metastases and pulmonary metastases 
to fluoropyrimidine-based therapies, we have measured TS 
mRNA and protem levels as well as levels of E2F-1 in 
colorectal tumor samples. High TS mRNA levels were 
found in lung metastasis as compared to liver metastasis 
and correspondingly the E2F-1 levels were also higher in 
lung metastasis compared to liver metastasis [58a,b]. Kasa- 
hara et al. [70] have also reported a close correlation 
between TS and E2F-1 levels in colon cancer. 

Although E2F-1 overexpression is associated with cell 
proliferation, high levels of E2F-1 have also been shown to 
be apoptotic in many cell systems. Recent evidence suggests 
that tumor cells, which express high levels of E2F-1, are 
protected from apoptosis by deletion or mutation in genes 
that could result m apoptotic cell death, including p53, 
pl4^** and bax. Alterations in p53, p14^^* or mdm2 
interfere with the cell's ability to conduct the proapoptotic 
signal allowing the high levels of E2F-1 to stimulate cell 
proliferation [66,67]. Mutations in p53, p16, bax and 
pi4^*F occur frequently in colon cancer, and coupled with 
high levels of E2F-1 point to a more aggressive phenotype 
of the tumor. Along with the loss in the apoptotic signaling 
pathway, overexpression of E2F-1 may also activate genes 
whose products confer a more invasive phenotype. Interest- 
ingly, recent reports indicate that forced over expression of 
E2F-1 results in activation of the invasive phenotype [71]. 
Several studies using comparative genomic hybridization 
(CGH), have shown that 20q is a region of frequent gain in 
colorectal cancers and more specifically regions from 
20q11.2 to 20913 showed frequent gains. The chromosomal 
location of E2F-1 is 20q11.2 and, therefore, based on 
preliminary measurements of E2F-1 gene copy number in 
metastatic tumors, we have reason to believe that gains in 
this chromosomal region leads to an increase in copy num- 


ber of E2F-1 in these tumors. We have analyzed the 
available tumors for E2F-1 gene copy number by quantita- 
tive DNA PCR and further confirmed that the copy number 
of E2F-1 gene is increased in colorectal cancers (Iwamoto et 
al, in preparation). Correlation of either TS levels or 
response with other E2Fs is not clear at present. 


3.3. Decreased UMPK as a mechanism of resistance to 
5-FU 


We had previously shown that decreased expression of 
UMPK was a mechanism of resistance to pulse (4 h) Fura 
exposure in a 5-FU resistant HCTS8 cell line [72]. Using the 
human UMPK as a positive control, we have performed real- 
time fluorescent quantitative RT-PCR on 31 patient-derived 
colon adenocarcinoma tumor samples. Of the 31, 8 patients 
had not received any prior chemotherapy and had detectable 
UMPK levels. In contrast, 10 of 23 previously treated patients 
had no detectable expression of UMPK. This strongly sug- 
gests that decreased UMPK expression is a mechanism of 5- 
FU resistance (Banerjee et al., in preparation). 

This is the first evidence for a correlation between lack of 
UMPK expression and acquired resistance to 5-FU in 
patients with colorectal cancer. As cytogenetic abnormalities 
are common in the chromosomal region believed to contairi 
UMPK, we have begun to determine if this marked decrease 
in UMPK expression 1s secondary to a genetic deletion or 
mutation. 

Decreased levels of the Fura-activating enzyme orotic 
acid phosphoribosyl transferase (OPRTase) have also been 
reported to be a cause of resistance to Fura in experimental 
systems [73] although decreased activity of this enzyme has 
not been found in tumors from patients resistant to 5-FU. 


3.4. Thymidine phosphorylase (TP) 


TP, also known as platelet-derived endothelial growth 
factor, 1s an enzyme that catalyzes the phosphorolysis of 
thymidine to 2-deoxy-p-ribose and thymme intracellularly. 
Capecitabine, a new orally available fluoropyrimidine car- 
bamate, is converted to 5-FU by the action of enzymes 
including TP in the final step in tumors. Lack of TP would 
then be associated with less intratumoral 5-FU generation 
and therefore would be predicted to be less effective. The 
angiogenic property of TP due to its endothelial growth 
factor activity has been shown to be important 1n several 
human cancers. Studies on expression levels of TP at 
different stages of tumor development have suggested that 
TP is important in early neovascularization although its role 
in colon cancer progression remains to be determined [74]. 


3.5. Dihydropyrimidine dehydrogenase (DPD) levels 
DPD catalyzes the major catabolic step in pyrimidine 


metabolism. Lack of DPD expression correlates with 5-FU 
toxicity in patients and sometimes can even be fatal. How- 
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ever, low levels of DPD in colorectal tumors have been 
shown to add to the predictive of low TS and to correlate 
with response to 5-FU-based chemotherapy [75]. This corre- 
lation holds true for mRNA levels as well as protein levels. As 
further evidence for the involvement of DPD in 5-FU 
resistance, we have recently demonstrated that overexpres- 
sion of human DPD in NIH 3T3 cells leads to increased 
resistance to 5-FU. Murine bone marrow stem cells trans- 
duced with a retroviral construct containing DPD cDNA and 
expressing higher levels of tbe protein show increased 
number of drug resistant colonies as measured by the CFU- 
GM assay. Similar increase in 5-FU resistant CFU-GM 
colonies were obtained when human peripheral blood stem 
cells were transduced with the retroviral construct bearing 
DPD cDNA [76]. 

Of the various enzymatic steps depicted above, reactions 
catalyzed by enzymes OPRTase, UMPK, TS, TP, and DPD 
appear to have greater impact on fluoropyrimidine response 
than DHFR and TK. Levels of OPRTase, UMPK, TS, TP, 
and DPD have all now been shown to be correlated with 
clinical response to the fluoropyrimidine therapy. Accord- 
ingly, determinations of levels of this panel of enzyme prior 
to chemotherapy may allow one to predict response. 


4. Strategies to overcome or exploit antifolate resistance 


The observation that defective transport was a common 
mechanism of resistance to MTX in ALL has prompted the 
use of lipophilic antifolates such as trimetrexate (TMTX), 
which do not use the RFC to enter cells. TMTX has now 
been approved for use against Pneumocystis carinii infec- 
tions in acquired immunodeficiency syndrome (AIDS) 
patients without severe side effects because of the simulta- 
neous administration of 5-formyltetrahydrofolate (leuco- 
vorin: LV). The combination of TMTX and LV rescues 
the host cells from TMTX toxicity but is toxic to the parasite 
cells as they have no RFC and hence cannot take up LV. 
This selectivity has encouraged use of TMTX to target 
transport-deficient MTX-resistant cells with the TMTX- 
LV combination. Initial in vitro studies with CCRF-CEM 
cells have shown that transport-deficient MTX-resistant 
cells are sensitive to TMTX while the MTX-sensitive cells 
can be protected by LV. In order to test this concept in an 
animal model, SCID mice bearing tumors from transport- 
deficient MTX-resistant CCRF-CEM ALL cells were trea- 
ted with the TMTX-LV combination, which led to tumor 
regression without any significant toxicity [77]. 


4.1. Myeloprotection using drug resistance genes 


Introduction and efficient expression of drug-resistant 
genes such as mutant DHFR cDNAs into bone marrow 
progenitor cells should allow further dose intensification 
and has the potential to increase the cure rate for drug 
sensitive tumors. Using retroviral constructs containing a 


mutant human DHFR cDNA (the Ser?! mutant), we have 
infected mouse marrow progenitor cells and have trans- 
planted irradiated mice with these transduced cells. Mice 
receiving transduced marrow progenitor cells were pro- 
tected from the lethal effects of MTX while the controls- 
died [78,79]. Human CD34+ peripheral blood stem cells 
transduced with the Ser’! DHFR cDNA were less sensitive 
to MTX than mock transduced controls [80]. We have 
initiated studies using the Ser’'/Phe’? double mutant of 
DHFR cDNA (dmDHFR) as the double mutant form of 
the enzyme has been shown to impart greater resistance to 
MTX than the single mutants [81]. Our results indicate that 
CD34+ stem cells transduced with the dmDHFR are less 
sensitive to MTX than mock transduced cells. We plan to 
exploit this system for cotransduction and ultimate in vivo 
selection of nonselectable genes [82]. We are currently 
evaluating myeloprotection in animal model systems using 
both mutant human TS genes (mhTS) as well fusion 
mDHFR-mhTS genes. (Capiaux et al, in preparation). 
We have recently shown that transplantation of bone mar- 
row progenitor cells retrovirally transduced and expressing 
two drug-resistance genes ın a construct SFG-dmDHFR- 
CD and SFG-dmDHFR-IRES-ALDH can protect against 
a combination of chemotherapeutic agents using either 
MTX and Ara-C or MTX and cyclophosphamide, respec- 
tively [83,84]. This suggests that the fusion genes may be 
very useful for protection against a combination of drugs 
that are often used in cancer chemotherapy. 


4.2. Exploiting translational regulation of DHFR for 
monitoring in vivo gene expression 


The "induction" of wild-type DHFR protein 1n cancer 
cells exposed to antifolates has been reported by this 
laboratory [49a,b]. Such translational upregulation after 
antifolate treatment may also occur for fusion proteins, 
e.g. comprising DHFR and herpes simplex virus type 1 
thymidine kinase (HSVTK). Since a high intracellular level 
of the DHFRF/S fusion protein may improve the therapeutic 
use of the HSVTK/GCV therapy, we generated a retroviral 
construct containing this fusion cDNA and investigated the 
possibility of induction of the fusion protein by antifolates. 
The retroviral vectors generated contain a double mutant 
(Phe22 Ser?! referred to as F/S), single mutant Ser?! or 
wild-type DHFR gene, fused to the HSVITk gene. 

HCT-8 cells were transduced and selected m 100 nM 
TMTX and then exposed to ganciclovir (GCV). The TMTX 
selected cells were over two logs more sensitive to GCV 
than the untransduced or transduced but unselected cells, 
correlating with the expression of the fusion protein [85]. 


4.2.1 In vivo imaging of DHFR-HSVTK gene expression 
using ’*4I-FIAU 

An animal model using RNU (nude) rats and tumors 
generated from untransduced HCT-8 cells and HCT-8 trans- 
duced with the DHFR-HSVTK. fusion gene was set up in 
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the following manner. Animals were injected with 1Č cells 
In the left flank with HCT-8 untransduced cells and in the 
right flank with DHFR-HSVTK transduced HCT-E cells, 
respectively. At 12 days postinjection, palpable tumors were 
observed in both flanks. The animals were then treated with 
a previously established maximum tolerated dose of TMTX. 
A control group of animals was treated with the same 
volume of vehicle. The immobilized animals (six at £ time) 
were positioned on a specially designed animal hold»r and 
placed within the positron emission tomography PET) 
scanner (GE Advanced Scanner). The excitation scan was 
of 20-min duration and the transmission scan was of 7-min 
duration. At the end of the imaging session, a digital mage 
of the animal showing the flank tumors was also recorded in 
order to superimpose the position of the PET scanning 
image with the tumor location. To quantitate radioactivity 
retained in the tumor versus background radioactivity in 
tissues, the animals were sacnficed and counts in tumors, 
plasma and muscle tissue were determined by scintillation 
counting. Results of the PET imaging and the scintillation 
counting indicate that treatment of tumor-bearing arimals 
with TMTX resulted in increased expression of the 3ision 
gene expressing both DHFR and HSVTK (Mayer-Kuwckuk 
et al., submitted for publication, 2001). 


4.2.2. Imaging DHFR gene expression using DHFR-EGFP 
In order to circumvent the use of isotopes for imeging, 
we have initiated work with other fusion genes such as 
DHFR-EGFP to monitor gene expression in vivo ising 
fluorescence microscopy. We have established in an £M12 
(transduced with a SFG—DHFR —EGFP retroviral consruct) 
cell culture model that the induction of the DHFR—EGFP 
fusion protein is comparable to the mduction of the rative 
DHFR protein in response to antifolate treatment. Moreover, 
this induction is not prevented by addition of ActD but can 
be inhibited by cycloheximide treatment. The induction in 
DHFR-EGFP protein levels is specific to the antizolate 
treatment of cells and is not observed when other drugs such 
as fluoropyrimidines, etoposide or doxorubicin are used. 


5. Conclusions and perspectives 


Study of resistance to drugs such as MTX and 5-FU 
continue to reveal interesting and often novel mechan:sms, 
both intrinsic and acquired. With available molecular zech- 
niques, it is now possible to examine which of the resistance 
mechanisms studied in cell culture models are operatr»e in 
tumor samples from cancer patients treated with the d-ugs. 
These studies, on tumor biopsies prior to chemothe-apy, 
may help predict tumor response to the chemotherapy. 

Myeloprotection strategies based on use of mutant forms 
of DHFR and TS are poised to enter clinical trials and will 
test the hypothesis that higher doses of drugs can be used in 
a posttransplant situation without the risk of myelcsup- 
pression. 


Translational regulation of DHFR is being exploited for 
noninvasive in vivo imaging of tumors. We have developed 
fusion proteins of DHFR and HSVTK for PET imaging as 
well as DHFR and EGFP for optical imaging. We also plan 
to explore the possibility of using fusion genes of DHFR to 
increase intracellular levels of gene products that may be of 
therapeutic benefit. 
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Abstract 


Studies from our laboratory have shown that the folate-dependent enzyme, thymidylate synthase (TS), functions as an RNA binding 
protein. There 1s evidence that TS, ın addition to interacting with its own TS mRNA, forms a ribonucleoprotem complex with a number of 
other cellular mRNAs, including those corresponding to the p53 tumor suppressor gene and the myc family of transcription factors. Using 
both 1n vitro and in vivo model systems, we have demonsirated that the functional consequence of binding of TS protein to its own cognate 
mRNA, as well as binding of TS to the p53 mRNA, 1s translational repression. Herein, we review current work on the translational 
autoregulatory control of TS expression and discuss the molecular elements that are required for the TS protem—- TS mRNA interaction. TS 
may play a critical role in regulating the cell cycle and the process of apoptosis through its regulatory effects on expression of p53 and 
perhaps other cell cycle related proteins Finally, the ability of TS to function as a translational regulator may have important consequences 
with regard to the development of cellular resistance to various anticancer drugs @ 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Control of eukaryotic gene expression 1s regulated at 
several levels, including gene amplification, transcription, 
splicing, nucleocytoplasmic transport, mRNA stability, trans- 
lation, and post-translational modification and/or protein 
processing. During the last several years, it has become 
increasingly clear that translational control represents an 
important process for regulating protein synthesis [1—4]. 
This mechanism is based on the central concept that cellular 
gene expression is controlled by the efficiency of translation 
of a given mRNA, in the absence of a corresponding change 
in steady-state mRNA levels. 


Abbreviations TS, thymidylate synthase; 5-FU, 5-fluorouracil, FAUMP, 
5-fluorodeoxyuridine monophosphate; UTR, untranslated region; DHFR, 
dihydrofolate reductase; LV, leucovorin; rPCR, random polymerase cham 
reaction, IRF, iron-responsive factor, RNP, ribonucleoprotein 
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The ability to control protein synthesis by regulating the 
translational efficiency of a given mRNA provides several 
advantages to an organism. Translational control 1s an 
energy-efficient process to control the expression of a given 
protein. Using this mechanism, a given cell can respond 
rapidly to exposure to various genotoxic and/or cytotoxic 
stresses as well as to changes in the extracellular environ- 
ment. It serves as a fine-tuning mechanism to ensure the 
precise and desired level ofa given cellular protein. To do so, 
it works in close concert with other regulatory mechanisms 
including transcription, post-transcription, and post-trans- 
lation. Moreover, a significant lag-time, which is normally 
required for signaling of various processes within the 
nucleus including gene amplification, activation of tran- 
scription, RNA processing, and nucleocytoplasmic transport 
of RNA, is effectively bypassed, thereby allowing for rapid 
changes in protein synthesis to be effected. As this process 
represents the last step in protein synthesis, the overall 
metabolic and energy requirements are minimized to a 
significant extent. One further advantage of this control 
pathway is that it 1s readily reversible. Once the cellular 
requirements have been sufficiently met, protein synthesis 
can be quickly restored to basal levels. 


0925-4439/02/$ - see front matter € 2002 Elsevier Science B V All rights reserved 


PH S0925-4439(02)00080-7 


J Lu et al / Biochimica et Biophysica Acta 1587 (2002) 174-182 175 


Control of the cell cycle is a highly ordered process, and it 
is regulated by the expression of certain critical checkpoint 
proteins. Translational control of these proteins ensures and 
maintains the ordered nature of the cell cycle that is neces- 
sary for normal cell division to occur. It is, therefore, not 
surprising that several cell cycle-related mRNAs have been 
identified whose expressions are specifically regulated at the 
translation level [4]. 

The present review focuses on translational control of the 
folate-dependent enzyme thymidylate synthase (TS). We 
provide an overview on the role of TS as a chemotherapeu- 
tic target, the mechanism of TS translational autoregulation, 
and the potential role of TS as a translational regulator of 
other cellular genes with specific focus on p53. In its role as 
an RNA binding protein, TS may act to coordinately 
regulate the cellular expression of several genes, and in so 
doing, may function as a critical regulator of several key 
aspects of cell cycle control, apoptosis, and chemosensitiv- 


ity. 


2. Thymidylate synthase 


TS plays an essential role in catalyzing the reductive 
methylation of deoxyuridylate (dUMP) to thymidylate 
(dTMP), which provides the sole intracellular de novo source 
of dTMP (Fig. 1) [5]. Once synthesized, dTMP is then 
metabolized intracellularly to the dTTP triphosphate form, 
an essential precursor for DNA biosynthesis. This reaction is 
critical as 1t maintains the essential metabolic requirements 
for cellular proliferation and growth. As a result, TS repre- 
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sents a key target of cancer chemotherapeutic drugs, includ- 
ing the fluoropyrimidines and various antifolate analogs 
[6,7]. 

There are several lines of evidence which provide further 
support to the concept that TS is an important chemother- 
apeutic target. The first comes from n vitro, in vivo, and 
clinical studies, which document a strong correlation 
between the level of TS enzyme activity and/or TS protein 
expression and response to fluoropyrimidines [8—10]. It has 
been well-established that cancer cell lines and malignant 
tumors expressing higher levels of TS are relatively more 
resistant to the cytotoxic and antitumor effects of the fluo- 
ropyrimidines and antifolate analogs targeting TS. Second, 
there is a strong correlation between the level of TS enzyme 
inhibition withm patient tumor samples following 5-FU 
therapy and eventual clinical response [11,12]. Third, the 
higher response rates observed with the combination of 5-FU 
and the reduced folate leucovorin (LV) when compared to 
single-agent 5-FU provides support for the cell-free exper- 
imental data which demonstrated that inhibition of the TS 
enzyme was maximal in the presence of increasing concen- 
trations of the reduced folate 5,10-methylenetetrahydrofolate 
[13-17]. Finally, clinical trials with the antifolate analog 
ZD1694, a specific inhibitor of TS, have revealed surpris- 
ingly good activity as a single-agent against advanced color- 
ectal cancer with response rates of 25—30%. These response 
rates compare favorably with the combination of 5-FU and 
LV. Based on these clinical results, this agent was approved 
as first-ine therapy for advanced, metastatic colorectal 
cancer in several countries in Europe, Asia, Australia, and 
Canada [18—20]. 
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Fig 1 Enzyme reaction catalyzed by TS 


176 J Lm et al. / Biochimica et Biophysica Acta 1587 (2002) 174—182 


It is now well-established that regulatory events at the 
level of gene amplification, transcription, post-transcription, 
translation, and post-translation are all involved in control- 
lng TS expression as it relates to cell cycle-directed events, 
growth proliferation, and in response to various cytotoxic 
agents (Fig. 2) [21—31]. There is growing evidence that the 
precise control of TS may require multiple mechanisms 
acting in close coordination with one another. Moreover, 
there are several factors that must be taken into account, 
including the specific cellular and/or genotoxic stress, the 
timing and scheduling of exposure of a given cytotoxic agent, 
the dose, and the specific cellular environment and model 
system under investigation (Fig. 3). 

The possibility for translational control of TS was postu- 
lated by Belfort et al. [32] upon initial analysis of the 
structural features of the E coli TS thyA gene. In their cloning 
and characterization of the human TS cDNA sequence, 
Takeishi et al. [33] identified three tandem repeat sequences 
in the 5’-untranslated region (UTR). Secondary structure 
analysis predicted for the presence of a series of three 
secondary stem-loop structures that might directly influence 
TS mRNA translation. Further studies by Kaneda et al. [34] 
confirmed that deletion of any one of these tandem repeat 
sequences significantly altered the translational efficiency of 
TS mRNA in vivo. These initial findings suggested that these 
tandem sequences might regulate TS mRNA translation, 
either directly or through their interaction with other cellular 
proteins and/or cofactors. 

Rapid increases in TS enzyme activity have been de- 
scribed in various in vitro, in vivo, and clinical model systems 
following short-term exposure to the fluoropyrimidines 
[11,12,35—40]. While the precise mechanism(s) for the 5- 
FU-induced expression of TS in response to 5-FU was not 
well-characterized in these initial studies, increased tran- 
scription, enhanced stability of TS mRNA, increased effi- 
ciency of TS mRNA translation, and enhanced stability of TS 
protein were all proposed as potential mechanisms. Signifi- 
cant efforts have subsequently focused on defining the 
molecular events that control this induction of TS. 

Investigations by Keyomarsi et al. [41] using synchron- 
ized normal human epithelial cells and human breast cancer 
MCE-7 cells revealed a 40-fold increase in TS enzyme level 
during the S phase with no apparent change in the level of TS 
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Fig 2 Molecular mechanisms regulating the expression of TS 
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Fig 3 Determmants of cellular gene expression 


mRNA expression. They also showed that treatment of MCF- 
7 cells with the antifolate analog ZD1694 gave rise to a 10- to 
40-fold increase in TS enzyme levels, as determined by the 
FdUMP radioenzymatic binding assay, with no associated 
alteration in TS mRNA levels [41]. Work from our own lab 
showed that short-term, 24-h treatment of a human colon 
cancer H630 cell line with 5-FU resulted in a 5.5- to 6-fold 
elevation in TS protein expression with no corresponding 
change in TS mRNA expression [42]. Subsequent work 
revealed that the increased expression in TS protein was the 
direct result of newly synthesized protein, thereby providing 
the first direct evidence in vivo for the role of translational 
regulation in controlling TS expression. Taken together, the 
ability to regulate TS expression at the translational level may 
provide (1) an important mechanism by which normal cel- 
lular synthetic function can be precisely and tightly regulated, 
and (2) a critical protective mechanism for the rapid develop- 
ment of cellular resistance in response to exposure to a 
cytotoxic stress such as S-FU and/or ZD1694 in order to 
maintain cellular synthetic function. 


3. TS translational autoregulation 


Since the regulation of TS expression during the cell cycle 
and in response to exposure to various cytotoxic stresses 
appears, in part, to be regulated by translational control, our 
lab has focused on elucidating, in more detail, the regulation 
of TS mRNA translation. Our current working model for TS 
translational autoregulation and the interaction between TS 
protein and its own TS mRNA is presented in Fig. 4. This 
regulatory process is well-established as a critically impor- 
tant mechanism controlling the expression of bacteriophage 
and prokaryotic systems [43—47]. However, TS represents 
the first eukaryotic gene whose expression is controlled in 
such a fashion. The expression of three other eukaryotic 
genes, including dihydrofolate reductase (DHFR) [48—50], 
serine hydroxymethyl transferase [51], and p53 [52,53] have 
now been shown to be controlled by a similar autoregulatory 
feedback process. 

Using a well-established RNA gel shift assay, we observed 
that human recombinant TS was able to directly bind to its 
own mRNA [54,55]. Subsequent work using the rabbit 
reticulocyte lysate in vitro translation system revealed that 
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Fig. 4 Model for TS as a translational regulator of cellular gene expression 


this TS protein- TS mRNA interaction resulted in transla- 
tional suppression. Two cis-acting elements have been iden- 
tified on TS mRNA, which interact with high affinity, on the 
order of 1—3 nM, to TS protein [55]. The first site 1s a 30-nt 
sequence residing in the 5'-UTR and includes the AUG start 
site in the loop aspect of a stable stem-loop structure. The 
secondary structure appears to be critical for protein recog- 
nition as a series of mutations that abolished the stem-loop 
resulted in RNA sequences that were unable to interact with 
TS protein. The second site has recently been localized to a 
70-nt sequence within the coding region corresponding to nt 
480—550 [56]. In vivo studies using a luciferase reporter 
system have confirmed the translational regulatory activities 
of each element, While both sequences require the presence 
of an intact TS protein and can function independently of one 
another in vivo, both elements are required for complete 
translational autoregulatory effect [56]. At present, it remains 
somewhat unclear as to how binding of TS protein to the 
sequence in the coding region leads to translational suppres- 
sion. It is conceivable that some type of interactive cross-talk 
occurs between the elements in the coding region and the 5'- 
upstream region. A similar scenario has been observed with 
sequences residing in the protein-coding region and the 3'- 
UTR as playing a key role in controlling translational 
initiation [57 —60]. Detailed molecular modeling studies will 
need to be performed to more precisely define the molecular 
events controlling this very complex process. 

In order to more fully characterize the molecular ele- 
ments underlying the TS protein- TS mRNA interaction, 
our lab has attempted to identify the specific domain(s) on 
the TS protein that are required for RNA recognition. We 
have shown that the RNA binding activity of human TS is 
exquisitely sensitive to the presence of reducing agents arid 
requires the presence of at least one free sulfhydryl group 


[61]. In the presence of increasing concentrations of either 
2-mercaptoethanol or dithiothreitol, the RNA binding activ- 
ity of TS was markedly increased. In contrast, treatment 
with the oxiding agent diamide or N-ethylmaleimide 
blocked RNA binding in a dose-dependent manner. Recent 
preliminary work has shown that a cysteine — alanine 
mutation at cysteine residue 180 completely eliminated 
RNA binding. In contrast, mutations at cysteine residues 
43, 195, and 210 did not adversely impact on RNA binding 
activity. The precise mechanism(s) by which the cysteine 
sulfhydryl residue at position 180 on the TS protein medi- 
ates RNA binding remains to be more accurately defined. 
However, several possibilities exist to explain its potential 
central role. They include: (1) direct formation of a covalent 
Michael adduct between the active sulfhydryl residue and 
the C-6 position of a uracil ring on TS mRNA, (2) 
occupation of the cysteine alters RNA binding via a steric 
hindrance mechanism, and/or (3) the cysteine residue main- 
tains the protein in a certain conformation that then allows 
for the true RNA binding domain to be accessible. Studies 
are currently in progress to determine which of these 
mechanism(s) is involved. 

In addition to the redox state of the protein, the state of 
ligand occupancy of TS appears to play a key role as a 
determinant of RNA binding [61]. For example, we have 
shown that when TS is ligand-free, maximal RNA binding 
activity is maintained, thereby resulting in complete trans- 
lational repression of TS mRNA. In contrast, when TS is 
bound by either its physiologic substrates, dUMP or 5,10- 
methylentetrahydrofolate, or bound by the 5-FU metabolite 
FdUMP or by an antifolate analog such as ZD1694, the 
RNA binding activity of TS is dramatically decreased. The 
net effect of reduced RNA binding activity is relief of 
translational repression, a process that leads to increased 
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synthesis of new TS protein. Such a scenario would exist in 
cells exposed to direct inhibitor compounds of TS, whether 
they should be nucleotide analogs such as 5-FU or antifolate 
analogs such as the Astra-Zeneca compound ZD1694 or the 
Eli Lilly compound LY231514. Thus, this model provides a 
rational mechanism for the acute induction of TS that arises 
in response to exposure to TS inhibitor compounds. More- 
over, it offers a novel mechanism for the development of 
acute cellular drug resistance to compounds that directly 
target TS. 


4. TS as a translational regulator of cellular gene 
expression 


There are growing examples in the literature documenting 
that a given RNA binding protein has the potential to interact 
with more than one cellular mRNA species [62,63]. Perhaps 
the best example is the iron-responsive factor (IRF), which 
binds to its target iron-responsive element located within the 
5' -UTRs of ferritin and erythroid 5-aminolevulinate synthase 
mRNAs, and within the 3'-UTR of the transferrin receptor 
mRNA [64,65]. The ability of the IRF to coordinately 
regulate these different mRNAs allows for exquisite control 
of iron metabolism within the cell. Based on this elegant 
work, studies were undertaken in our lab to determine 
whether TS, 1n its role as an RNA binding protein, might 
be able to interact with other cellular RNAs. For these 
studies, we developed a novel immunoprecipitation-RNA: 
random polymerase chain reaction (rPCR) method to isolate 
TS ribonucleoprotein (RNP) complexes from intact human 
colon cancer H630 cells [66]. This technique was based on 
the immunoprecipitation procedure of Steitz [67], and was 
modified by incorporating the RNA:rPCR method of Frous- 
sard [68]. Using this approach, we isolated eight different 
cellular RNAs that formed a ribonucleoprotein (RNP) com- 
plex with TS [66]. While TS was one of the RNAs identified 
in this RNP complex, p53 and two members of the myc 
family of transcription factors, c- and L-myc, were also 
isolated. These specific mRNAs were of particular interest 
as they play a critical role in cell cycle progression, DNA 
synthesis, and apoptosis. Careful analysis of the eight RNA 
sequences has, to date, failed to identify a consensus nucleo- 
tide sequence. However, one potential drawback of such an 
approach is that most of the RNA binding proteins, charac- 
terized to date, appear to recognize a sequence contained 
within the context of a stable secondary structure as opposed 
to a simple sequence. In fact, there is preliminary evidence to 
suggest the presence of such a consensus secondary structure 
amongst these cellular mRNAs. 

The critical role of p53 in tumor suppression, cell cycle 
regulation, cell cycle arrest, and the cellular response to 
DNA. damage has been extensively reviewed [69—71]. The 
mechanisms controlling the expression of p53, in response 
to genotoxic and/or cytotoxic stress, are complex. Much of 
the work performed to date has shown that the induction of 


p53 following exposure to DNA-damaging agents is con- 
trolled at the post-translational level, mainly through 
enhanced stability of the protein [69,70,72]. It has been 
well-established that post-translational modifications includ- 
ing phosphorylation and acetylation at both the amino- and 
carboxy-terminus are critical for activation of DNA binding 
activity [73—75]. However, there is growing evidence that 
translational control may play an important role in the 
induction and activation of p53 in response to exposure to 
cytotoxic agents [76]. For example, when murine fibroblast 
Swiss 3T3 cells were exposed to ‘y-irradiation, the expression 
of p53 protein increased significantly while the correspond- 
ing p53 mRNA levels were unchanged [52]. Treatment with 
the transcriptional inhibitor actinomycin D did not alter the 
induced levels of p53 protein, in contrast to treatment with 
cycloheximide which completely repressed the induced syn- 
thesis of p53. Subsequent investigations have confirmed that 
the expression of p53 is controlled, in part, at the translational 
level through an autoregulatory feedback loop identical to 
what has been described for TS and DHFR [52,53]. One 
element in the 5'-UTR of murine p53 mRNA has been 
identified as a cis-acting target sequence for p53 protein, 
while the essential cis-acting element for the human p53 
mRNA has been localized to the 3’-UTR [77]. 

Because translational control appears to be at least one 
mechanism governing p53 expression, and given our obser- 
vation that a TS RNP complex composed of TS protein and 
a sequence corresponding to the human p53 mRNA. was 
isolated from human colon cancer cells, further investiga- 
tions were performed to confirm the interaction between TS 
protein and p53 mRNA and to elucidate the potential bio- 
logical consequences of such an interaction. Using a combi- 
nation of RNA gel shift and in vitro translation assay 
systems, we have shown that TS directly binds to a sequence 
within the protein-coding region of p53 mRNA at the C- 
terminal region [78,79]. The functional consequence of this 
RNA.- protein interaction is translational repression. These 
studies have been extended to the in vivo setting to document 
the biologic relevance of the TS protein-p53 mRNA inter- 
action. As part of these studies, human colon cancer RKO 
cells were transfected with the human TS cDNA under the 
control of a tetracycline-inducible expression system. Treat- 
ment of TS-transfected RKO cells with doxycycline (1 ug/ 
ml), a tetracycline analog, resulted in a 15-fold induction of 
TS protein, which was accompanied by a dramatic decrease 
in the expression of p53 protein. Of note, no corresponding 
change in p53 mRNA levels was observed. Immunoprecipi- 
tation studies to isolate TS RNP complexes revealed a 
significantly greater level of p53 mRNA bound to TS protein 
in doxycycline-treated cells when compared to uninduced 
cells. As a second model system, we transfected TS-deficient, 
parent HCT-C18 cells expressing a functionally inactive TS 
with a human His-Tag TS cDNA under the control of a 
constitutive CMV promoter. We have shown that p53 ex- 
pression in these TS-transfected cells (HCT-C18:His-TS+) 
was markedly decreased, and that this decreased p53 expres- 
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sion was directly controlled at the translational level. These 
TS-overexpressing cells were significantly impaired in the 
their ability to arrest at either the G,/S or G/M boundaries, 
in response to ‘y-irradiation and/or treatment with various 
anticancer drugs including doxorubicin and 5-FU, when 
compared to their corresponding parent HCT-C18 cells 
[79]. In addition, the apoptotic response to drug exposure 
was dramatically reduced in TS-overexpressing cells, as 
evidenced by decreased activation of caspase-3 following 
treatment with 5-FU. More recently, we have shown that TS- 
overexpressing, HCT-C18:His-TS t cells are significantly 
more resistant to TS inhibitor compounds such as 5-FU 
and ZD1694, as well as to non-TS-related anticancer agents 
such as doxorubicin and cisplatin by up to 4 -to 7-fold [80]. 
These observations lend support for the biological relevance 
of the interaction between TS and p53 mRNA and suggest 
that loss of p53 function through translational repression 
results in an altered cell cycle checkpoint, in an altered 
apoptotic response, and in the development of pleiotropic 
drug resistance. 

Taken together, these studies show that TS, in its capacity 
as an RNA-binding protein, interacts with high affinity with 
its own mRNA as well as with the mRNAs of the p53 tumor 
suppressor gene. Thus, TS may be involved in the coordinate 
regulation of expression and/or function of other genes. 
Given the importance of p53 in the cell cycle and in main- 
taming the requirements for cellular growth and prolifer- 
ation, it is conceivable that TS may play an essential role as a 
regulator of cell cycle-directed events. This may be espe- 
cially relevant given the essential role of TS in providing the 
requisite nucleotide substrates for DNA biosynthesis. Stud- 
ies in our lab are currently focused on more precisely 
defining the molecular elements mediating the interaction 
between TS protein and the p53 mRNA, with emphasis on 
defining the cis-acting elements on each of these mRNAs. In 
addition, studies are in progress to determine whether the 
same domain(s) is involved in binding of TS to its own 
cognate TS mRNA as well as to other cellular mRNAs. 
Finally, extensive efforts are being directed at elucidating the 
downstream biological consequences of TS-mediated sup- 
pression of p53 mRNA translation with specific emphasis on 
cell cycle progression, cell cycle arrest, apoptosis, and che- 
mosensitivity. 


5. Discussion 


In this review, we have highlighted the role of transla- 
tional regulation as a mechanism for controlling the expres- 
sion of TS. Moreover, we show that in addition to its critical 
catalytic function, TS serves an important role as an RNA 
binding protein. In this capacity, TS binds with high affinity 
to its own mRNA and directly regulates its own biosynthesis 
through a translational autoregulatory feedback mechanism. 
Through its role as an RNA binding protein, it interacts with 
several other cellular mRNAs including those corresponding 


to the p53 tumor suppressor gene and the myc family of 
transcription factors. In each of these cases, TS functions as 
a translational repressor to coordinately regulate the expres- 
sion and/or function of these important genes. Our studies 
have shown that TS 1s able to serve as an effective trans- 
lational regulator of cell cycle arrest, apoptosis, and chemo- 
sensitivity. 


6. Conclusions and perspectives 


There are several issues that remain to be addressed regar- 
ding the molecular basis for the interaction between TS and 
its own TS mRNA, as well as with other cellular mRNAs. It 
is clear that a more thorough understanding of the optimal 
nucleotide sequences and/or secondary structures required 
for protein recognition 1s needed. In addition, further work 
will focus on more precisely defining the critical amino acids 
and binding domain(s) on the TS protein that is needed for 
RNA recognition. For sure, definitive characterization of 
both the critical RNA binding domain(s) as well as the 
essential nucleotide sequences and/or secondary structures 
awaits the results of X-ray crystallography and/or NMR 
analysis of the TS protein - TS mRNA complex. While these 
structural studies have been limited, to date, by the avail- 
ability of only small amounts of pure TS mRNA and human 
TS protein, these technical limitations should be resolved in 
the very near future. 

, One important issue to address relates to the intracellular 
localization ofthe TS protein- TS mRNA complex as well as 
the cellular localization of the other TS RNP complexes. For 
this work, our lab is developing an in vivo fluorescence 
1mmunohistochemistry approach. As a first step, we have 
generated a series of deletional TS cDNA constructs with a 
His-Tag placed at either the 5’ or 3' terminus, and these 
respective constructs have been transfected into human colon 
cancer RKO cells. The intracellular localization of these 
deletion proteins was compared with that of the wild-type, 
full-length human TS protein [81]. Our studies, thus far, have 
revealed that deletion of the first 10 amino acids at the 
amino-terminus and deletion of 9 amino acids at the carboxy 
terminus significantly altered cellular localization. Wild- 
type, human TS protein was distributed uniformly through- 
out the cell in both the nucleus and cytoplasm. In contrast, 
the deleted TS proteins localized exclusively to the cyto- 
plasm with absolutely no nuclear localization. Studies are in 
progress to isolate the cellular location of TS mRNA using in 
situ hybridization methods. Once these initial series of expe- 
riments are performed, co-localization studies are planned to 
determine the actual cellular location of the TS RNP com- 
plex. 

These molecular-based studies will expand our current 
understanding of TS as an RNA binding protein and should 
provide new insights into the role of TS as an important 
regulator of certain critical aspects of cellular metabolism. 
Moreover, such a detailed characterization of the interaction 
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Fig. 5 Development of novel therapeutic approaches to inhibt TS 


between TS and rts own TS mRNA as well as wita other 
cellular RNAs may also serve as the rational basis for the 
future development of novel therapeutic approaches 

There are several potential strategies that may ari-e from 
such molecular-based studies as outlined in Fig. 5. Fo- exam- 
ple, identification of the specific RNA binding domän may 
result in the development of novel inhibitors of TS enzymatic 
activity that would still allow for formation of -he TS 
mRNA-TS protein complex in vivo. A stable ternary com- 
plex composed of inhibitor, TS protein, and TS mRNA 
might then result in marked suppression of new TS protein 
synthesis. As an alternative approach, identificatior of the 
putative RNA binding domain may lead to the development 
of a small peptide that would then be used to tamget TS 
mRNA and repress new TS protein synthesis. The use of 
innovative modeling programs may identify smal “de- 
signer” molecules that mimic the structural features of the 
binding peptide. Certainly, the potential advantage of such an 
approach would be that novel organic molecules with 
enhanced spatial and biophysical and biochemical preperties 
could be designed. Currently, this strategy 1s being taken in 
anti-HIV drug development where small basic Rev and Tat 
peptides that mimic the function of their corresponding 
native proteins are being to tested for their ability tc inhibit 
HIV viral replication. 

Identification of the consensus nucleotide sequence and/ 
or secondary structure containing the high affinity protein 
binding site may lead to the design of an RNA oligoaucleo- 
tide that can be used to sequester and/or repress T3 enzy- 
matic function. An alternative strategy would be to cesign a 
consensus nucleotide sequence/structure that might serve as 
the target for either antisense- or ribozyme-based st-ategies 
with resultant inhibition of TS protein synthesis. WitL this in 
mind, our lab has recently showed that an 18-rr RNA 
antisense molecule directed against the 5’-upstreem cis- 
acting element of TS mRNA can specifically inh bit TS 
expression in human colon cancer RKO cells [82]. This 
antisense oligoribonucleotide exerts its effects by innibiting 
TS mRNA translation, and in so doing, is able to inhibit 


growth of the RKO cells with an ICso concentration of 200 
nM. However, one significant drawback to the use of nucleic 
acids, whether it be RNA or DNA, is the inherent difficulty in 
efficiently and specifically dehvenng them into their target 
cells. The use of molecular modeling programs to design 
small organic molecules that closely resemble the consensus 
RNA sequence and/or structure may help to circumvent this 
problem. Such compounds should then be delivered with 
much greater efficiency and at relatively higher concentra- 
tions into malignant cells than their nucleic acid counter- 
parts. Several of these therapeutic approaches are now under 
development in our lab in an attempt to bring more specific 
and effective therapies into the clinic for the treatment of 
human malignancies. 
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Abstract 


The 3' untranslated region (UTR) of rTSa RNA ıs complementary (1.e., antisense) to human thymidylate synthase (TS) RNA When HEp2 
cells (human epidermoid carcinoma) progressed from late-log to plateau phase growth, ribonuclease protection assay (RPA) revealed an 
inverse correlation between the levels of rTSa RNA and TS mRNA, suggesting a possible effect of rTSa RNA on TS mRNA levels. HEp2 
cells expressing a Tet-On transactivator were transiently co-transfected with pHook-1 and a construct containing rTSe (protein and antisense 
RNA), rTSaA3’ (rTSe protein only), rTSa-3’ (antisense RNA —luciferase) or luciferase. Transfected cells were selected and evaluated for the 
effects of induced transgene expression on TS mRNA. Induced expression of transfected rTSa or rTSa-3/ but not rTSaA3' or luciferase, 
resulted in decreased TS mRNA levels as measured by RPA. These results demonstrated that the antisense region of rTSe RNA is necessary 
and sufficient for this down-regulation of TS mRNA. RPA for TS mRNA also showed the enhanced appearance of two partial-length protected 
fragments in rTSa or rTSa-3' transfected cells. RPA stringency evaluations and primer extension assays indicated that TS mRNA 1s cleaved in 
vivo m a site-specific manner. These data demonstrate that rTS gene expression likely plays a role in down-regulating TS through a natural 
RNA-based antisense mechanism. © 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Thymidylate synthase (TS, EC 2.1.1.45) is the enzyme 
that catalyzes the methylation of deoxyuridylate to deoxy- 
thymidylate (TMP). This enzymatic reaction provides the 
sole de novo intracellular source of dTMP, an essential 
nucleotide precursor for DNA replication and repair. As a 
result, TS has been a major target in cancer chemotherapy 
for over 30 years [1]. Since some tumor cell lines resistant to 
TS mhibitors overproduce the enzyme [2,3], a better under- 
standing of mechanisms underlying the regulation of TS 
levels is important for the development of cancer therapies 
involving TS inhibition. 

The TS gene is expressed at a much higher level in 
rapidly proliferating cells than im nondividing cells [4—10]. 


Abbreviations. BSA, bovine serum albumin; Cyc, cyclophilin, Dox, 
doxycycline, RPA, ribonuclease protection assay, TS, thymidylate 
synthase, UTR, untranslated region 
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However, nuclear run-on assays showed that the rate of the 
TS gene transcription is relatively invariant as cells are 
activated from a resting to a cycling state [5,11]. Therefore, 
TS gene expression appears to be controlled mainly at the 
posttranscriptional level in growth-stimulated cells [12]. 
Since growing cells are comprised of a large percentage of 
cells in S phase, which generally parallels changes in TS 
levels, TS appears to be an S-phase enzyme. This is 
supported by the evidence that elevated expression of E2F 
results in increased TS protein levels [13]. However, studies 
on exponentially growing asynchronous cells have indicated 
that the levels of TS mRNA [4], TS protein and TS activity 
[6,10] fluctuate only within a narrow range throughout the 
cell cycle, with the largest increase occurring during the Go/ 
G; transition [6,10]. 

In 1993, our laboratory reported the discovery of a 
naturally occurring antisense RNA to TS (now referred as 
rISa EMBL accession #X67098) [14]. The 3’ untranslated 
region (UTR) of rTSa mRNA is complementary (anti- 
sense) to both TS pre-mRNA and TS mRNA (Fig. 1). 
Natural antisense RNA was first discovered in prokaryotes 
and has been demonstrated to exert negative control of 
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Fig 1 (A) The relationship between the rTSa mRNA and the TS gene/pre-mRNA The protein coding region and 3’ UTR of rTSe are indicated by an open box 
and a solid line, respectively The two boxes in the TS pre-mRNA represent a portion of intron VI and the protem coding region of exon 7 as indicated The 3’ UTR 
of exon 7 ıs indicated by a solid line The rest of TS pre-mRNA 1s represented by a dotted line. Numbers represent nucleotide distance either from the 5’ end of the 
rTSa RNA or over the spans indicated by double arrows. rTSa mRNA 1s complementary to TS pre-mRNA over a span of 523 nt, including the first A of the rTSa 
poly (A) tail. The targeted region (285 nt) of the rTSa riboprobe is also indicated at the top (B) Targeted region of the TS riboprobe and the expected cDNA 
products from primer extension assay Open boxes represent exons 5, 6 and 7 of TS mRNA with the solid line representing the 3‘ UTR The rest of the TS mRNA 
1s represented by a dotted line The TS probe is represented by a solid line at the top. The full-length protected fragment would be 251 nt as mdicated at the top The 
primer used in primer extension assays is represented by the left-facing arrow. ATS RNA editing site that generates a mismatch in the TS probe.mRNA duplex is 
indicated by an asterisk (see Results and Discussion) The protected fragment in RPA resulting from cleavage at the editing site is 138 nt. The predicted length of 
cDNA produced by primer extension from the TS mRNA cleaved at the editing site ts 245 nt 


gene expression at multiple levels, such as transcriptional 
attenuation, interference with RNA processing, RNA desta- 
bilization and translational inhibition [15]. Increasing num- 
bers of naturally occurring antisense RNAs have been 
identified in eukaryotes, raising the possibility that they 
might play a role in the regulation of eukaryotic gene 
expression [16,17]. However, in mammalian cells, the 
functions of natural antisense RNAs in regulating the 
expression of their counterpart (sense) genes have not been 
established. 

In the present study, we show that rTSa RNA and TS 
mRNA levels vary inversely when cell growth transits from 
late-log to plateau phase. We demonstrate that the antisense 
portion of rTSa mRNA alone can down-regulate TS mRNA 
levels in transiently transfected cells. Our data also show 


that this down-regulation is associated with increased site- 
specific cleavage of TS mRNA. 


2. Experimental procedures 
2.1. Plasmids and probes 


The plasmids for the Tet-On gene expression system 
(pUHD 172-1 neo, pUHD 10-3 and pUHC13-3) were 
obtained from Dr. Hermann Bujard [18]. To construct the 
expression vector for rTSa, we cloned the EcoRI—Hindlil 
fragment of rTSa containing the full-length cDNA into the 
EcoRI and Xbal sites of pUHD10-3. The HindllI site of the 
rTSo insert and Xbal site of pUHD10-3 were partially filled 
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in by Klenow enzyme (Life Technologies) to generate 
cohesive ends. The expression vector for rTSa protein 
without antisense RNA (rTSaA3’) was constructed by 
cloning the EcoRI- Blpl iblunt-ended) fragment of the rTSa 

cDNA into the EcoRI and Xbal sites (blunt-ended) of 
pUHD 10-3. The 3’ UTR was generated by PCR using 
primers containing the SI recognition sequence (boldface 
type) (5'-primer: CGTGACCCCAAGGAAGTGCTCAGC- 
CCCA-ACAACT, 3'-primer: GCGTGCTCCTTGGTGAC- 
TGTGTTCCTGTCTTTAA). The vector for expressing 
rTSa antisense RNA without rTSa protein (rTSa-3') was 
constructed by cloning the PCR generated fragment into the 
Styl site of pUHC13-3. The sequences of all cloned cDNAs 
were confirmed by sequencing at the RPCI Biopolymer 
Facility. 

The template for in vitro transcription used to generate 
the TS riboprobe was Smal linearized plasmid pTS- 
PCRmutl [19]. The targeted region of this TS probe 
includes part of exon 5 (10 nt), exon 6 (72 nt) and part 
of exon 7 (169 nt) (Fig. 1B). The template for the rTSa 
riboprobe was Ddel linearized plasmid pTOPO/G4, pro- 
duced by inserting a PCR fragment from H630 cell 
genomic DNA corresponding to rTSa mRNA nt 1326- 
1764 (Fig. 1A) into pCR2.1-TOPO (Invitrogen). The tem- 
plate for making the cyclophilin (Cyc) riboprobe was 
pTRI-Cyc-Human (Ambion). The lengths of TS, rTSa 
and Cyc probes (and protected fragments) were 265 (251), 
354 (285) and 165 (103) nt, respectively. All **P-RNA 
probes were produced by in vitro transcription using Maxi- 
Script/T7 polymerase kits (Ambion) as recommended by 
the manufacturer using [a- "P]CTP (800 Ci/mmol, 10 mCi/ 
ml, NEN Life Science Products). DNA templates were 
removed by DNasel digestion. All ??P-labelled riboprobes 
were purified by 5% polvacrylamide/8 M urea gel electro- 
phoresis. Specific radioaetivities of the TS, rTSa and Cyc 
probes used were 1.8 x 10°, 1.5x 10? and 8x 107 cpm/pg, 
respectively. 


2.2. Cell culture and transfections 


The HEp2 cell line (human epidermoid carcinoma, 
ATCC CCL 23) was maintained in RPMI 1640 supple- 
mented with 10% fetal bovine serum (Life Technologies) at 
37 °C in a 5% CO; humidified atmosphere. The HEp2 cell 
line was chosen for study because of its low level of 
endogenous rTSa expression and because of a robust 
response to doxycycline (Dox) induction in preliminary 
co-transient transfection assays using pUHD172-1 neo and 
pUHC 13 3 (data not shown). 

For the cell growth experiment (Fig. 2A), HEp2 cells 
were seeded on multiple plates (8.0 x 10° cells/10 cm plate) 
and allowed to grow for different periods of time. Cells were 
extracted to obtain both RNA and protein using TRIZOL 
reagent (Life Technologies) as recommended by the manu- 
facturer. For each time point, the cell number in a duplicate 
plate was determined using a Coulter counter. 


For transfections to establish the Tet-On gene expression 
system, pUHD 172-1 neo was first stably transfected into 
HEp2 cells using lipofectin (Life Technologies) as recom- 
mended by the manufacturer. Clones were selected in the 
presence of G418 (500 ug/ml) and were screened for their 
ability to be induced for luciferase expression by transient- 
transfection assays. Clone P9E was Dox-inducible for 
luciferase expression (100-fold). and was used in subse- 
quent experiments. For each co-transient transfection with 
pHook-1 (Invitrogen) [20] and one of the four constructs 
(rTSo, rTS«A3 rTSa-3 and luciferase, Fig. 3A). cells at 
about 50% confluence were harvested and washed with ice- 
cold PBS. The cell pellet was resuspended in ice-cold PBS 
at a density of — 5.7 x 10 cells/ml, and 2.1 ml of cell 
suspension was mixed with 150 ug plasmid DNA (molar 
ratio of pHookl/experimental construct 10:1) and incu- 
bated on ice for 10 min. The cells plus DNA mixture was 
evenly transferred into three prechilled cuvettes (BTX, 4 
mm gap). Electroporation was performed using a BTX 
ECM 600 electroporator (400 V, 800 uF, 48 Q). After the 
pulse, the cuvettes were returned to ice for 10 min. The 
electroporated cells were pooled and resuspended with 
RPMI 1640 medium containing 10% fetal bovine serum 
and 300 ug/ml G418, and plated on 25 15-cm plates. After 
20 h, transfected cells were selected with Capture-Tec ™ 
Beads (200 ul bead slurry, Invitrogen) as recommended by 
the manufacturer. The selected cells ( ~ 20% of total viable 
cells) were plated at ~ 1.0 x 10^ cells/10 cm plate and 
returned to culture in the presence or absence of Dox (1.0 
ug/ml). 


2.3. Western blot 


Protein concentrations were determined using a BCA ™ 
Protein Assay Kit with bovine serum albumin (BSA) as a 
standard as described by the manufacturer (Pierce). Proteins 
(35 ug) were resolved by 10% SDS polyacrylamide gel 
electrophoresis and immunoblotting was performed as pre- 
viously described [21]. 


2.4. RNase protection assay (RPA) 


RPA to measure TS mRNA or rTSa RNA was carried out 
using the HybSpeed RPA kit (Ambion) essentially as 
described by the manufacturer. The amount of each probe 
needed to achieve a molar excess over its target RNA was 
determined by pilot experiments that established the linearity 
of the assay. Cye mRNA was also measured to serve as an 
internal standard for quantitating protected fragments [22]. 
Briefly, 5 ug of RNA, 6X 10* cpm of TS or rTSa riboprobe 
and 3X10* cpm of Cyc riboprobe were mixed and co- 
ethanol-precipitated with yeast RNA (45 gg) as carrier. 
The RNA pellet was dissolved in 10 ul of hybridization 
buffer by heating at 95 ^C with vortexing. Hybridization was 
performed at 68 ^C for 18 h, and RNase digestions were 
carried out at 37 °C for 40 min with RNase A/T] (1:100), 
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Fig. 2. Variation of TS protein, TS mRNA and rTSa RNA levels during asynchronous cell growth. (A) HEp2 cell growth. Cells were seeded at time 0 h 
(8 x 10° cells/10 cm plate) and extracted at 19, 45, 67, 97, 116, 140. 166 and 194 h after seeding as described in Experimental procedures. The doubling time of 
this cell line is 40 h. (B) Lanes 1 —8: Proteins obtained from different time points of cell growth (19-194 h) were subjected to Western blot analysis for TS and 
a-tubulin as described in Experimental procedures (left). The change of TS protein levels with cell growth normalized to a-tubulin is shown on the right. Panels 
(C) and (D) are the results of RPA for TS mRNA and rTSa RNA, respectively. For all RPA experiments, Cyc mRNA was used as an internal standard, Left 
panels show the phosphorimages of electrophoretic gels and positions of relevant protected fragments are indicated to the right of the images (TS, 251 nt TS 
fragment; B, 195 nt TS fragment; C, 138 nt TS fragment; Cyc, 103 nt Cyc fragment; rTSa 285 nt rTSa fragment). Lanes 1—8: Cellular RNAs from different 
time points of cell growth (19-- 194 h) were hybridized with TS and Cyc probes. M: pBR322/Mspl molecular weight marker. Lanes P and C: The TS or rT8a 
and Cyc probes were hybridized with yeast RNA either with (C) or without (P) RNase digestion. In lane P, discrete bands can be seen at the predicted lengths of 
265 (TS), 354 (rTSa) and 165 nt (Cyc), whereas lane C shows complete digestion of unprotected probes. The graphs on the right show the molar ratios of. TS 
mRNA (B) or rTSa RNA (D) to Cyc mRNA at each time point ef cell growth (calculated according to the formula given in Experimental procedures). 


unless otherwise indicated. Protected fragments were Dynamics Storm 860 with a setting of 750 V, 200 um). 
resolved by 576 polyacrylamide/8 M urea gel electrophoresis The lower specific activity of the Cyc probe allowed simul- 


and quantitated by phosphor screen imaging (Molecular taneous quantitation of TS mRNA and rTSa RNA. 
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Fig. 3. RPA results for rTSa and rTSaA3' transiently transfected cells. (A) Time course analysis of rTSa RNA induction in rTSa transfected cells, (B,C) Time- 
course analyses of TS mRNA levels in rTSe and ITSaA' transfected cells, respectively. Panels are labeled as in the legend to Fig. 2. Lanes | 12: RNA samples 
obtained at 0-- 72 h after adding [90x (0 and 1.0 ug/ml as indicated by “ — " and “ +”, respectively) were subjected to RPA as described in Experimental procedures. 
R:RNA marker (Ambion's century marker). For each graph on the right, the solid line with triangles represents induced cells (+ Dox) and the dotted line with circles 
uninduced cells (— Dox). 


2.5. Primer extension assay Products), 1 X first strand buffer (Life Technologies) and 
400 units of Superscript H reverse transcriptase (Life Tech- 

Cellular RNA (20 ug} was mixed with 0.1 umol primer nologies). The reaction was carried out by incubation at 
(ACATTTGCCAGT-GGCAACAT, Fig. 1) and incubated at room temperature for 15 min followed by heating at 37 °C 
70 °C for 5 min. The reverse transcription reaction (60 ul) for 1 h. The reaction was terminated and RNA hydrolyzed 


contained sample RNA, ‘he primer, 10 mM DTT, 500 uM by adding EDTA (40 mM) and NaOH (400 mM) and 
each of dATP, dGTP, dTTP, 20 uM dCTP, 17 uM heating at 68 ^C for 30 min. The DNA products were 
[o-?P]dC TP (3000 Ci/mmol, 10 mCi/ml, NEN Life Science ethanol-precipitated, washed with 70% ethanol, and dis- 
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solved in water. An excess amount of biotinylated TS resuspended in 100 jl TNE 300. Forty micrograms of yeast 
transcript generated from the HindIII linearized pTOPO/ RNA was added to the suspension and incubated at 37 °C 
G4 by T7 polymerase was added and the nucleic acid for 30 min with mixing by rotation. The pretreated strepta- 


mixture ethanol-precipitated. The pellet was dissolved in vidin beads in 100 ul of TNE 300 were added to the 
10 ul of hybridization buffer (Ambion's HybSpeed RPA kit) hybridization reaction followed by incubation at 37 °C for 


by heating at 95 °C for 5 min with vortexing. Hybridization 30 min with mixing by rotation. One milliliter of TNE 300 
was performed by incubation at 56 ^C for 18 h. Streptavidin was then added and mixed well by vortexing. The super- 
superparamagnetic beads suspension (40 ul, Sigma) was natant was removed after placing the tube in a magnetic 
washed twice with 1.0 ml of TNE 300 (50 mM Tris-HCI, stand. This washing procedure was repeated five times at 


pH 7.5, I mM EDTA, 0.1% SDS and 300 mM NaC1) and which time the **P-cpm in the supernatant decreased to 
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Fig. 4. Results for rTSa-3' and luciferase transiently transfected cells. (A) Time course analysis of rTSa RNA induction in rTSa-3' transfected cells. (B,C) 
Time-course analyses of TS mRNA levels in rTSa-3' and luciferase transfected cells, respectively. Panels are labeled as in the legends to Figs. 2 and 3. 
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background level. The bound ??P-cDNAs were then recov- 
ered by heating the beads in 40 pl of gel loading buffer 
(95% formamide, 18 mM EDTA, 0.025% SDS, xylene 
cyanol and bromophenol blue) at 100 °C for 5 min and 
resolved by 5% polyacrylamide/8 M urea gel electropho- 
resis. 


3. Results 


3.1. TS mRNA levels decrease while rTSa RNA levels 
increase as cell growth progresses from late-log to plateau 
phase 


It has previously been demonstrated that TS activity and 
protein levels do not change much during the log-phase of 
asynchronous cultured cell growth but decrease when cells 
reach plateau phase growth [6,10]. To investigate whether 
changes in TS mRNA levels behave this way in HEp2 cells, 
and how rTSa RNA levels vary in relation to TS mRNA, 
the levels of both TS mRNA and rTSa RNA during 
asynchronous cell growth were determined by RPA. HEp2 
cells were seeded and extracted at the indicated time points 
to measure the levels of TS and rTS gene expression (Fig. 
2). As shown in Fig. 2A, cell growth began to reach plateau 
phase at 166 h after seeding. Consistent with previous 
findings [6,10], the levels of TS protein fluctuated within 
a narrow range (1.6-fokl) during log-phase growth (45 to 
116 h, Fig. 2B) but decreased 4-fold when cells transited 
from late-log to plateau phase growth (140 to 194 h, Fig. 
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2B). In agreement with the decline in TS protein during the 
transition to plateau phase, TS mRNA levels decreased 2- 
fold (140 to 194 h, Fig. 2C). In contrast to TS mRNA, rTSe 
RNA levels increased more than 3-fold when cells pro- 
gressed from late-log to plateau phase (140 to 194 h, Fig. 
2D). The inverse variation between the levels of TS mRNA 
and rTSa RNA during the late-log and plateau stages of cell 
growth (140 to 194 h, Fig. 2C,D) suggested a possible role 
of rTSa RNA in the down-regulation of TS mRNA levels. 
RPA for TS mRNA also showed the appearance of other 
fragments smaller than the full-length protected probe (Fig. 
2C). Two of these fragments (B, 195 nt and C, 138 nt) were 
later found to correspond to in vivo TS mRNA cleavage 
products. 


3.2. TS mRNA levels can be down-regulated by rTSa 
antisense RNA 


To investigate the possibility that rTSa RNA can mediate 
a decline in TS mRNA levels, cell transfections were 
performed. Since we were unable to obtain a permanent 
stably transfected cell line expressing rTSa [23], rTS« 
transient co-transfections of HEp2 cells containing the Tet- 
On transactivator [18] with pHook-1 and rTSa or rTSa A 3 
were carried out. Co-transfection with pHook-1 allows 
specific selection of transfected cells for evaluation [20]. 
After selection, cells were seeded in the presence or absence 
of Dox and extracted at different time intervals to obtain 
both RNA and protein. RPA clearly showed that increased 
expression of rTSa RNA led to decreased TS mRNA levels 
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Fig. 5. Western blots showing rTSe and TS protein expression after transient transfections with rTSo (A). rTSaA3 (B), rTSa-3’ (C) and luciferase (D). Each 
blot was sequentially probed for rTSa, TS and a-tubulin as described in Experimental procedures. rTSa was not visible in the blots shown in panels C and D. 
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(Fig. 3A,B). At 25 h post-Dox, the TS mRNA level 
decreased by 80%. TS protein levels were also down 
regulated by the increased expression of rTSa (Fig. 5A). 
After 39 h post-Dox, rTSa RNA was still inducible with 
Dox (Fig. 3A) but rTSa protein was no longer detected (Fig. 
5A). This suggested that the down-regulation of TS mRNA 
levels by the induced expression of rTSa was most likely 
mediated by rTSa RNA rather than by rTSa protein. This 
conclusion is supported by data obtained from transfections 
performed with rTSaA3’, which contains the rTSo protein 
coding region but does not have a region of RNA antisense 
to TS RNA (Figs. 3C and 5B). Higher levels of rTSa 
protein have been induced for a longer duration in compar- 
ison with the rTSæ mRNA transfected cells (Fig. 5B). The 
effects of rTSa protein (rTSaA3’) induction differed from 
those of rTSa mRNA. The rTSaA3’ transfected cells did not 
display significant changes in TS mRNA (Fig. 3C) but did 
show alterations in TS protein levels after 39 h (Fig. 5, 
compare B with C). 

Down-regulation of TS by rTSa mRNA but not by rTSa 
protein suggested that the 3'-antisense portion of rTSa RNA 
might be sufficient for the observed negative regulation of 
TS mRNA. To investigate this further, transient transfec- 
tions with rTSa-3' or luciferase were performed. While 
increased expression of luciferase had no effect on the 
levels of either TS mRNA (Fig. 4C) or protein (Fig. 5D), 
induced expression of rTSa-3’ resulted in decreased levels 
of both TS mRNA (Fig. 4A,B) and protein (Fig. 5C). 


3.3. rTSa RNA induces site-specific cleavage of TS mRNA 
at physiologic cleavage sites 


As shown in Fig. 2C, RPA of TS mRNA in non- 
transfected HEp2 cells showed numerous smaller protected 
fragments in addition to the full-length protected fragment 
(251 nt). Interestingly, the intensity of two of these frag- 
ments (B, 195 nt and C, 138 nt) were increased in rTSa 
antisense RNA transfected cells in comparison with non- 
transfected cells and rTSaA3’ or luciferase transfected cells 
(Figs. 3B and 4B compared with Figs. 2C, 3C and 4C). 
The levels of the 195 (B) and 138 nt (C) bands were found 
to correlate with the levels of rTSa antisense RNA in 
tTSa antisense RNA transfected cells. When rTSa or 
rTSa-3/ transfected cells were induced to express higher 
levels of the antisense RNA (Figs. 3A and 4A), the levels 
of these two smaller fragments relative to TS mRNA levels 
also increased(Fig. 6). With the decline of rTSa antisense 
RNA in uninduced cells during 72 h after seeding rTSa or 
rTSa-3’ transfectants (Figs. 3A and 4A), the intensity of 
these two fragments also declined (Fig. 6). During the first 
39 h, rTSa-3' transfected cells displayed higher, uninduced 
levels of the antisense RNA compared with rTSo trans- 
fected cells (Fig. 6, compare A and B). Correspondingly, 
rTSa-3' transfected cells in the absence of Dox had an 
increased relative abundance of these two bands (Fig. 6, 
compare A and B). 


A. Effect of rTSo induction on levels of (B+C) 


(B+C)/TS 





0 20 40 60 80 
Hours post-Dox 


B. Effect of rTSa-3' induction on levels of (B+C) 


(B+C)/TS 








Hours post-Dox 


Fig. 6. Levels of two protected fragments (Le., B and C) relative to TS mRNA 
from the time-course study of TS (A) and rTSa-3' (B) transfected cells. The 
values in panels A and B are based on quantitations of the relevant protected 
fragments as shown in the gel images of Figs. 3B and 4B, respectively. The 
(B+CYTS molar ratio is calculated as the sum of these two fragments (i.e., 
(B+CyCyc) divided by the amount of TS mRNA (i.e., TS/Cyc). 


The origin of the 195 (B) and 138 (C) nt protected 
fragments could be cleavage of TS probe:mRNA hybrids 
due to mismatches or transient destabilization (1.e., breath- 
ing) during RPA or they could represent in vivo cleaved TS 
mRNA molecules. Resolving these possibilities is important 
because the complementarity of rTSa and TS RNAs sug- 
gests that ITSo: TS RNA hybrids could form in vivo and 
serve as substrates for adenosine deaminases that act on 
RNA (ADAR) [16,24,25]. Our laboratory has identified five 
editing sites (adenosine to inosine) in TS pre-mRNA in the 
region of TS RNA complementary to rTS« RNA (unpub- 
lished data). One editing site is predicted to generate a 
mismatch with the ??P-labeled probe that would produce a 
138 (C) nt protected fragment in the RPA (Fig. 1). The 
abundance of this protected fragment along with the 195 (B) 
nt fragment increased in response to elevated levels of rTSa 
antisense RNA in rTSa and rTSa-3' transfected cells (Fig. 
7), suggesting that the 138 (C) nt fragment could arise by 
cleavage at an RNA editing site. 

To verify that these two species (B and C) are not 
cleavage products resulting from RNA duplex breathing 
during RPA, RNase digestions were performed at different 
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Fig. 7. (A) Results of RPA for TS mRNA performed with varying stringency of RNase digestion. Cellular RNA from rTSa-3' transfected cells was subjected to 
RPA as described in Experimental procedures except that the RNase digestion step was performed over a range of temperatures (0—37 °C) as indicated. (B) 
Results of primer extension assays. Assays were performed as described in Experimental procedures to detect in vivo generated TS mRNA fragments from 
rTSa-3'transfected cells (with or without Dox). (C) Schema showing the protected fragments (195 and 138 nt) of RPA and their corresponding p. DNA 


products (179 and 245 nt) produced by the primer extension. 


stringencies by altering the temperature (0 to 37 °C). As 
shown in Fig. 7A, the amounts of these two fragments 
relative to TS mRNA remained unchanged over a wide 
range of temperatures. The levels were relatively unchanged 
even at 4 °C where the unprotected 3'-overhang of the TS 
probe: TS mRNA duplex was not digested, leaving the entire 
probe intact. This result suggests that the protected frag- 
ments detected by our RPA are less likely to have been 
produced in vitro by RNase digestions of unstable duplexed 
regions of the TS probe:mRNA hybrids. 

The likelihood that TS mRNAs are cleaved in vivo in 
response to increased levels of rTSa antisense RNA was 
investigated further using a primer extension assay. Cellular 
RNA extracted from rTSa-3' transfected cells (39 h post- 
Dox) were reverse transcribed using a TS gene specific 
primer (Fig. 1) in the presence of [o-?P]dCTP. The °P- 
cDNA products are expected to have lengths reflecting TS 
in vivo cleavage sites. If TS mRNA is cleaved in vivo, a 
limited number of discrete "P-cDNA fragments should be 
detectable provided that the cleaved RNA molecules are 


relatively stable during the time course of study. To mini- 
mize the background generated from nonspecific priming, 
TS ?P-cDNAs were selected by hybridization to biotiny- 
lated TS RNA prepared by in vitro transcription. Hybridized 
TS ?P-cDNAs were then purified by affinity chromato- 
graphy with immobilized streptavidin. As shown in Fig. 7B, 
increased amounts of TS **P-cDNAs of 245 and 179 nt are 
observed for primer extension performed with RNA. from 
transfected cells induced to express rTSa antisense RNA. 
The size of the ?P-cDNA (245 nt) is that for a cDNA 
produced from TS mRNA cleaved at one of the two editing 
sites identified in exon 7 of TS pre-mRNA (unpublished 
data) (Fig. 7C). This "P-cDNA corresponds to the 138 (C) 
nt RPA protected fragment (B and C in Fig. 4B). Therefore, 
TS mRNA was cleaved in vivo at an editing site in response 
to rTSa antisense RNA. The 179 nt "P-cDNA was the 
result of extension to an adenosine site in an AU rich region 
of TS mRNA as shown in Fig. 7C. This "P-cDNA 
corresponds to an in vivo cleaved TS mRNA molecule with 
a cleavage site 9 nt downstream from the site that would 
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generate the 195 nt protected fragment (B) observed in the 
RPA. This difference probably reflects the AU-rich nature of 
the Intervening region between these two sites (Fig. 7C) that 
likely gets degraded during the RPA (see Discussion). 


4. Discussion 


The rTS gene was originally identified by sequencing a 
cDNA clone for a naturally occurring antisense RNA to 
human TS mRNA [14]. These two genes are located at the 
same locus of chromosome 18 [26]. The rTS gene overlaps 
the 3’ end of the TS gene [27], and is transcribed conver- 
gently with TS. Through alternative splicing, the rTS gene 
transcript produces two mRNAs, rTSa and rTSp [28,29]. 
The 3’ UTR of rTSa RNA is complementary to TS RNA 
near its 3’ end including exon 7 and part of the last intron 
(Fig. 1). As an initial investigation into the possible role of 
rTSa RNA in the growth regulation of TS gene expression, 
we first evaluated rTSa RNA and TS mRNA levels during 
cell growth to determine their relationship. An inverse 
relationship was found as cells progressed from late-log to 
plateau phase (140 to 194 h in Fig. 2: C vs. D). In agreement 
with the decline of TS mRNA levels, TS protein levels also 
decreased (Fig. 3B). Although rTSa RNA levels increased 
as cell growth progressed from late-log to plateau phase, 
rTSe protein remained undetectable (data not shown). The 
low-level expression of rTSa protein in HEp2 cells is 
consistent with our previous observations for other human 
tumor cell lines [21]. Because of the complementarity 
between these two RNAs, the association between increased 
rTSa RNA levels and decreased TS mRNA levels suggests 
that rTSa RNA might be involved in the down-regulation of 
TS gene expression. 

The possibility that rTSa RNA down-regulates TS 
mRNA was further investigated through transient transfec- 
tions. Transient transfection experiments performed with 
rTSa mRNA, rTSaA3’, rTSa-3’ and luciferase as the indu- 
cible genes demonstrate that rTSa antisense RNA can 
down-regulate the levels of TS mRNA. Increased expres- 
sion of rTSa mRNA or rTSa-3' but not rTSaA3' or lucifer- 
ase (Figs. 3 and 4) resulted in decreased TS mRNA levels. 
These results indicate that the antisense RNA portion of 
rTSa RNA is both necessary and sufficient for the observed 
down-regulation of TS mRNA levels. 

In addition to the expected protected fragment (251 nt) 
corresponding to a perfect hybrid of the "P-probe with TS 
mRNA, RPA of TS mRNA displayed other smaller frag- 
ments. Among these smaller fragments, two discrete bands 
(B, 195 nt and C, 138 nt) are of particular interest because 
their intensities increased in the rTSa antisense RNA trans- 
fected cells (Figs. 3B and 4B compared with Figs. 2C, 3C 
and 4C). Further investigations into the nature of these two 
fragments shed some light on the mechanism for rTSa 
antisense RNA mediated down-regulation of TS mRNA 
levels in transiently transfected cells and nontransfected 


cells as well. There are three possible sources for the 
appearance of these two bands. First, they might result from 
the cleavage at some transiently destabilized regions of the 
TS probe:mRNA duplex during RNase digestion. If this is 
the case, the levels of these two bands relative to TS mRNA 
should be identical among all the samples since they were 
subjected to the same RPA procedure. Since their relative 
abundance increased in response to the increased levels of 
rTSq antisense RNA in transfected cells (Fig. 7) and were 
not affected by altering the stringency of the RNase diges- 
tion step of the RPA (Fig. 7A), this possibility can be ruled 
out. Secondly, some mismatches in the TS probe:mRNA 
duplex might be susceptible to RNase digestion thus leading 
to the production of partial-length protected probes. In rTSa 
antisense RNA transfected cells, the correlation between the 
increased intensity of these two fragments and the elevated 
levels of rTSa antisense RNA suggests that the antisense 
RNA might induce TS mRNA modifications leading to 
mismatches in the TS probe:mRNA hybrid. This possibility 
is supported by the finding that TS pre-mRNA is edited 
(adenosine to inosine) at five sites across the intron 6—exon 
7 junction [30]. One editing site in the region targeted by the 
P-labeled TS probe (Fig. 1B) is predicted to generate a 
mismatch that would produce a 138 nt protected fragment 
upon cleavage in the RPA (Fig. 1B). Finally, it is also 
possible that these two fragments might result from in vivo 
cleaved TS mRNA molecules. This possibility is more 
likely because the relative intensity of these two bands 
remained at a similar level even when RNase digestions 
were performed at temperatures when the mismatched 
duplexes should be stabilized (Fig. 7A). The detection of 
elevated levels of a 245 nt **P-cDNA as a result of primer 
extension of TS mRNA (Fig. 7B), corresponding to the 138 
nt protected fragment in RPA (Fig. 7C), demonstrated that 
TS mRNA was indeed cleaved in vivo and that cleavage 
occurred predominantly at this editing site. Another *P- 
cDNA of 179 nt corresponds to an adenosine site of an AU- 
rich region in TS mRNA (Fig. 7B,C). The RNA fragment 
upstream of this in vivo cleavage site was detected by RPA as 
the protected 195 nt fragment either because the AU-rich end 
of the probe:mRNA duplex was susceptible to RNase di- 
gestion or because the AU-rich region was degraded in vivo 
subsequent to cleavage. The 126 nt fragment observed in 
RPA may be derived from the 138 nt fragment due to RNase- 
susceptibility of the AU-rich region (AAAAGUUGA) at the 
end of the duplex formed between the TS probe and mRNA 
(Fig. 7C). This appears to be likely since the 126 nt 
fragment diminished in abundance with decreasing temper- 
atures during RNase digestion (Fig. 7A). Consistent with 
the RPA data, increased expression of rTSa antisense RNA 
led to increased levels of both **P-cDNA fragments of 245 
and 179 nt, indicating that more TS mRNA molecules were 
cleaved in vivo in response to the elevated antisense RNA 
levels. 

The 195 nt (B) and 138 nt (C) protected fragments in 
RPA of TS mRNA were also observed in the nontransfected 
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HEp2 cells (Fig. 2C). This suggests that the cleavage of TS 
mRNA induced by rTSa antisense RNA in the transient 
transfection assays also occurs in the more physiological 
environment of nontransfected cells. One possible mecha- 
nism for the demonstrated down-regulation of TS mRNA 
levels by rTSa RNA is through duplex formation between 
their complementary regions. In vivo hybrids have been 
reported between antisense n-cym RNA and a subset of 
sense n-myc RNA [31] and in the case of mbp sense and 
antisense transcripts [32]. The current study provides the 
evidence for one possible consequence of such duplex 
formation, site-specific cleavage of TS mRNA. Antisense 
(PSV-A) RNA-mediated RNA hybrid degradation resulting 
m down-regulation of the sense RNA has also been impli- 
cated in Dictyostelium [33]. It was thought that dsRNA- 
specific RNases might exist in vivo and are responsible for 
the rapid degradation of duplex RNAs. Indeed, enzymes 
with this specificity have been described and partially 
purified [34—36] but their physiological functions remain 
to be established. 

In summary, expression of rTSa RNA down-regulates 
TS mRNA through an antisense-mediated mechanism. The 
levels of rTSa antisense RNA and TS mRNA vary inversely 
when cell growth progresses from late-log to saturation 
phase (Fig. 2C,D). Additionally, increased expression of 
the antisense RNA portion of rTSa but not rTSa protein 
leads to decreased levels of TS mRNA (Figs. 3 and 4). One 
of the contributors for this decline of TS mRNA is increased 
site-specific cleavage, particularly at a TS RNA editing site 
(Fig. 7), which also occurs in nontransfected cells. There- 
fore, the negative regulation of TS mRNA levels by rTSa 
RNA ıs likely mediated by increased TS RNA editing 
followed by cleavage. 


5. Conclusions and perspectives 


Based upon the data presented here and the previous 
observation that most rTSa RNA is nuclear, we suggest that 
rISe RNA could play a role in the down-regulation of TS 
RNA in vivo. While induction of transfected rTSa antisense 
RNA can cause the down-regulation of TS mRNA, we 
suspect that the rTSa RNA acts to cause RNA editing with 
either simultaneous or subsequent cleavage of the TS pre- 
mRNAs at the editing site(s) in vivo. The implications for 
chemotherapy will depend upon the mechanism used for the 
activation of this pathway. For example, if the antisense 
RNA is constantly in excess to the TS pre-mRNA in the 
nucleus, then activation of this pathway by some signaling 
mechanism suggests that this could be exploited in combi- 
nation with small molecule inhibitors of TS to help prevent 
new synthesis of TS protem (dependent upon turnover of 
the TS mRNA). Our laboratory is actively pursuing this 
possibility. 
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Abstract 


Thymidylate synthase (TS) ıs a key enzyme m the de novo synthesis of 2-deoxythymidine-5-monophosphate (dTMP) from 2- 
deoxyuridme-5’-monophosphate (dUMP), for which 5,10-rcethylene-tetrahydrofolate (CH;5-THF) 1s the methyl donor. TS 1s an important 
target for chemotherapy; it 1s inhibited by folate and nuclectide analogs, such as by 5-fluoro-dUMP (FdUMP), the active metabolite of 5- 
fluorouracil (SFU). FdUMP forms a relatively stable ternary complex with TS and CH THF, which is further stabilized by leucovorin (LV). 
SFU treatment can induce TS expression, which might b-pass dTMP depletion An improved efficacy of SFU might be achieved by 
increasing and prolonging TS inhibition, a prevention of dissociation of the ternary complex, and prevention of TS induction. In a panel of 17 
colon cancer cells, including several variants with acquirec resistance to SFU, sensitivity was related to TS levels, but exclusion of the 
resistant variants abolished this relation. For antifolates, polyzlutamylation was more important than the intrinsic TS level. Cells with low p53 
levels were more sensitive to SFU and the antifolate raltitrexed (RTX) than cells with high, mutated p53. Free TS protein down-regulates its 
own translation, but its transcription 1s regulated by E2F, a cell cycle checkpoint regulator. Together, this results in low TS levels in stationary 
phase cells. Although cells with a low TS might theoretically be more sensitive to SFU, the low proliferation rate prevents induction of DNA 
damage and 5FU toxicity. TS levels were not related to polymorphisms of the TS promoter. Treatment with SFU or RTX rapidly induced TS 
levels two- to five-fold In animal models, SFU treatment resulted m TS inhibition followed by a two- to three-fold TS mduction. Both LV 
and a high dose of 5FÚ not only enhanced TS inhibition, bur also prevented TS induction and increased the antitumor effect In patients, TS 
levels as determined by enzyme activity assays, immunoh&tochemistry and mRNA expression, were related to a response to 5FU 5FU 
treatment initially decreased TS levels, but this was followec by an induction, as seen with an increased ratio of TS protein over TS-mRNA. 
The clear retrospective relation between TS levels and resporse now forms the basis for a prospective study, in which TS levels are measured 
before treatment in order to determine the treatment protoce«l. © 2002 Elsevier Science B.V. All rights reserved. 


Keywords Thymidylate synthase; p53, E2F; 5-fluorouracil; Antifoate 


Abbreviations: SFU, 5-fluorouracil; FUdR, 5-fluoro-2“deoxyurdine, TS, thymidylate synthase; TSER, TS enhancer regions, FPGS, folylpolyglutamate 
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1. Introduction 


Thymidylate synthase (TS) 1s a key enzyme in the de 
novo synthesis of 2'-deoxythymidine-5'-monophosphate 
(dTMP). TS catalyzes the methylation of 2'-deoxyuridine- 
5/'-monophosphate (dUMP) to dTMP for which 5,10-meth- 
ylene-tetrahydrofolate (CH2-THF) is the methyl donor. 
Detailed characteristics of the TS enzyme have been 
described by others [1,2]. TS is an important target for 
chemotherapy. It is inhibited by analogs of the folate 
cofactor, such as raltitrexed (RTX) and ALIMTA, and the 
nucleotide co-factor, such as 5-fluoro-dUMP (FdUMP), 
which is the active metabolite of 5-fluorouracil (SFU). 
FdUMP is a competitive inhibitor with a K, ın the low 
nanomolar range. Inhibition of TS by FdUMP 1s considered 
to be the main mechanism for the action of 5FU (Fig. 1). The 
inhibition by FdUMP 15 mediated by the formation of a 
covalent ternary complex between FdUMP, TS and CH;- 
THF, while the retention of inhibition 1s also dependent on 
the ratio between free (UMP and FdUMP levels [3,4]. A low 
sensitivity to 5FU has been related to a rapid disappearance 
of FdUMP. A high dUMP concentration or a limited FUMP 
binding to TS may reduce retention of TS inhibition. 

Several mechanisms of resistance to 5FU have been 
attributed to TS (Table 1) [5]. The stability of the ternary 
complex is highly dependent on the availability of CH.-THF 
or one of its polyglutamates [4]. LV can increase the avail- 
ability of CH;-THF (Fig. 1). After transfer across the mem- 
brane, mediated by the reduced folate carrier [6], LV will be 
metabolized to CH2-THF [7], which will be polyglutamy- 
lated leading to enhanced inhibition of TS [8]. A decreased 
activity of folylpolyglutamate synthetase (FPGS) [9] and 
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Fig 1. Metabolic conversions of 5FU The enzymes involved m these 
reactions are: (1) orotate phosphortbosyltransferase (OPRT), (2) uridine 
phosphorylase (UP), (3) thymidine phosphorylase (TP), (4) uridine kinase 
(UK), (5) thymidine kinase 1 (TK1), (6) thymidylate synthase (TS), (7) 
dihydrofolate reductase, (8) dihydropyrimidine dehydrogenase (DPD); (9) 
ribonucleotide reductase; (10) 5-nucleotidases and phosphatases Metabolic 
pathways are depicted as solid lines. The mhibition of TS by FdUMP is 
depicted as a broken Ime with a minus sign. 


Table 1 
Mechanisms of resistance to SFU 


(A) Decreased accumulation of activated metabolites 
(a) Decreased activation 
(b) Increased inactivation 
(c) Increased mactivation of 5FU nucleotides 
(B) Target-associated resistance 
(a) Decreased RNA effect 
(b) Altered effect on thymidylate synthase 
e Aberrant enzyme kinetics 
e Increased dUMP levels 
e Decreased FdUMP accumulation 
e Decreased stability of ternary complex 
e Depletion of intracellular folates 
e Decreased polyglutamylation of folates 
e Recovery and enhanced enzyme synthesis 
e Gene amplification 
e Enzyme mduction 
(C) Pharmacokinetic resistance 
(a) The drug does not reach the tumor 
(b) Disease state affects drug distribution 
(c) Increased elimination 


Modified from Ref [5] 


altered binding of FdUMP to TS [10—12] have been asso- 
ciated with acquired SFU resistance. In the absence of CH;- 
THF or one of its polyglutamates [5,12—14], FUMP forms 
an unstable binary complex, which results in poor inhibition. 
Disturbed folate pools [14] (usually decreased) and a high 
level of enzyme before treatment lead to intrinsic resistance 
[5,11,12]. Gene amplification of TS and mutations in the gene 
lead to acquired resistance [12,13,15]. This paper focuses on 
the role of intrinsic TS levels and that of TS induction in 5FU 
resistance and on their regulation in various systems. 


2. Experimental procedures 
2.1. Cell lines and tissues 


The sources of the cell lines have been described previ- 
ously [16,17]. Sensitivity to SFU and antifolates was deter- 
mined in 96-wells plates using either the sulforhodamine B 
(SRB) or 3-[4,5-yl]-2,5-dipheny] tetrazolium bromide (MTT) 
assays as described previously [16,18,19]. In some cell lines, 
antifolates cause swelling of the cells leading to an increased 
protein content, which interferes with the protein-based SRB 
assay. In case this swelling was observed, we used the MTT 
assay for antifolates. 5FU did not cause swelling. For all cell 
lines, we added drugs 24 h after plating of the cells. Cells 
were exposed for 72 h and linearity of growth was assured for 
untreated cells during this 72-h period. 

For enzyme assays, immunoblotting, RNA and DNA 
extraction, all cell lines were cultured in 75-cm? flasks and 
harvested in the logarithmic growth phase by trypsinization, 
then washed and counted. Thereafter, the cell pellets were 
frozen in liquid nitrogen. 

Tumors from animals were removed before and at differ- 
ent time points after drug treatment and immediately frozen 
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in liquid nitrogen. Tumors (primary tumors and liver meta- 
stases) from patients were removed during surgery (after 
administration of 5FU) and immediately frozen in liquid 
nitrogen as described previously [20]. Frozen tissues were 
pulverized [21] and the still frozen powder was further 
processed in appropriate buffer either for enzyme assays 
or RNA/DNA extraction. 


2.2. TS enzyme assays 


TS assays in cell lines were performed as described 
previously [16]. We used two assays. One assay measured 
the number of free FdUMP binding sites of TS by estimation 
of the binding capacity of ?H-FdUMP. The other determined 
the catalytic activity of TS by means of [°H]-H2O-release 
during the TS catalyzed conversion of?H-dUMP into dTMP. 
Measurement of TS levels in tissues was slightly different 
from that in cell lines, which has been previously described 
[20,22,23]. In tissues from 5FU-treated patients and animals, 
we measured TS levels 1n the extracts containing the non- 
dissociated ternary complex, which enabled TS inhibition to 
be expressed as the residual TS catalytic activity (TS-resid- 
ual), and as the number of free binding sites for FHUMP (TS- 
free). We also dissociated the ternary complex, which enabled 
the measurement of total catalytic activity (TS-total) and all 
available FAUMP binding sites (TS-tot). The ratios between 
TS-residual/TS-total and TS-free/TS-tot ( x 10096) was con- 
sidered as the percentage inhibition. 


2 3. TS immunoblotting 


Protein expression was estimated using Western blotting 
as described earlier [24,25]. Proteins were separated by size 
through a 1096 SDS-polyacrylamide gel and were electro- 
phoretically transferred to a nitrocellulose membrane, on 
which they were detected using horseradish peroxidase 
(HRP)-conjugated secondary antibodies directed against 
primary antibodies. The HRP reaction was visualized by 
means of chemiluminescence and autoradiography. 


2.4. TS immunohistochemistry 


Sources of primary and secondary antibodies, staining 
procedures and evaluation of staining have been described 
previously [26,27]. A pathologist and two investigators 
investigated all slides. Statistical evaluation was performed 
using the nonparametric Kruskal- Wallis and Mann- Whit- 
ney U ranking test. All values were based on two-tailed 
Statistical analysis. Survival was evaluated using Kaplan— 
Meier curves. All statistical procedures were carried out 
with SPSS 9.0 (SPSS, Chicago, IL, USA). 


2.5. TS-mRNA expression 


Total RNA was isolated from pulvenzed tissues using the 
RNAzole method and purity was checked by UV absorb- 


ance and electrophoresis of 1 ug RNA on a neutral 1.2% 
agarose gel. cDNA was synthesized from 5 ug of total RNA 
with 6 ug of random primers using M-MLV reverse tran- 
scriptase as described previously [28]. PCR amplifications 
were carried out in a Perkin/Elmer/Cetus DNA thermal 
cycler. A total of 25 cycles was used, in which each cycle 
consisted of 1 min primer denaturation at 94 °C, 1 min of 
primer annealing at 55 °C, and 1 min of primer extension at 
72 °C. The cDNA samples were diluted depending on 
transcript abundance, while three cDNA dilutions were used 
for each primer ın order to verify that measurements were 
taken in the linear phase of the reaction A detailed descrip- 
tion of the procedure as well as the sequences of the primers 
for the target gene TS and the reference genes B-actin and 
18S are described previously [28]. 


26 TS enhancer region (TSER) 


TSER was amplified [29,30] from genomic DNA with the 
sense primer (5-GTGGCTCCTGCGTTTCCCCC-3' and the 
antisense primer: 5’-GCTCCGAGCCGGCCACAGG- 
CATGGCGCGG-3’). PCR was carried out in 1 X PCR 
buffer (50 mM KCl, 10 mM Tris pH 9, 0.1% Triton 
X-100), containing 1.25 mM magnesium chloride, 10% 
DMSO, 0.2 mM dNTPs, 0.2 ng each primer, 50-100 ng 
genomic DNA and 2.5 units of Taq in a 50 pl reaction. 
Samples were overlaid with mineral oil and amplified in a 
thermal cycler for 30 cycles. Each cycle was 1 min at 94 °C, 
1 min at 60 °C and 2 min at 72 °C, and the final cycle was 
maintained at 72 °C for 5 min. PCR products were separated 
by electrophoresis on a 4% agarose gel and visualized with 
ethidium bromide. 


3. TS and p53 levels in relation to sensitivity to 5FU and 
antifolates 


3.1. Physiological regulation of TS levels 


Expression of TS under physiological conditions is 
related to the cell cycle, and has a high activity during the 
S-phase [31], but decreases when the cells do not proliferate 
[32]. Various transcription factors and cell cycle-dependent 
kinases (CDK) control the increase in TS levels in the cell 
cycle. Cell cycle progress through the G1/S checkpoint is 
tightly regulated by cyclin/CDK complexes, which are 
activated by phosphorylation. Phosphorylation of various 
cyclins-CDKs can subsequently hyperphosphorylate the Rb 
and E2F complex, which results in the release of E2F from 
phosphorylated Rb. The free transcription factor E2F can 
subsequently activate the transcription of several DNA 
synthesis-dependent proteins such as TS. 

TS levels are also controlled at the level of translation. 
The translation of the TS-mRNA appears to be controlled by 
its end product, the TS protein, in an autoregulatory manner. 
This phenomenon possibly contributes to the large variation 
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of TS levels not only in normal tissues, but also between 
tumors and within tumors. TS protein cannot only regulate 
its own translation but also that of other proteins, such as 
p53 [33]. In addition, wild-type p53 (wt-p53) protein can 
also inhibit TS promoter activity [34]. Thus, regulation of 
TS expression is a very complicated process, which may 
even be more disrupted (more induction) in cells with 
mutated p53 (mt-p53) than with wt-p53 (low induction). 
Although many nucleotide synthesizing enzymes are 
increased in tumors compared to their normal counterparts 
[35], the increase of TS levels in, e.g. colon tumors 
compared to normal colon mucosa, varies from negligible 
to many fold higher [36,37], and is even higher m meta- 
stases compared to primary colon tumors [38,39]. This 
increase was associated with an increase in p53 and cell 
cycle genes. Consequently, in colon cancer cell lines and 
tumors, a large variation in TS levels has been observed 
[4.12,16—18,24,25,39—41]. 


3.2. Intrinsic and amplified TS levels in relation to sensitivity 
to 5FU and antifolates 


Since TS 1s the target for 5FU, it was hypothesized that 
the large variation in TS levels would be related to SFU 
sensitivity. Indeed, in a small panel of cell lines consisting 
of several SFU-resistant cells and some nonselected cells, 
Johnston et al. [17] found a relation between TS levels and 
5FU sensitivity, but omission of the resistant lines weakened 
this relation considerably. In a limited number of cell lines 
with a different histological origin, Beck et al. [40] found a 
weak correlation (r7 0.22, P=0.042) between 5FU sensi- 
tivity and TS levels, but 1n the subpanel of colon cancer 
cells this relation was not present. 

Recently, we reported TS levels in a panel of 13 
unselected colon cancer cell lines, not including cells with 
induced resistance. The TS catalytic activity varied from 62 
to 777 pmol/h/10 cells, while the number of FdUMP 
binding sites varied from 203 to 2758 fmol/mg protein 
[16]. This panel has now been extended with several cell 
lines with intrinsic TS levels in the same range and with cell 
lines with induced resistance to 5FU described by Johnston 
et al. [17]. In this panel, levels of the TS catalytic activity 
were in a range up to 51,000 pmol/h/10° cells, and the 
number of FdUMP binding sites in a range up to 6800 fmol/ 
mg protein (Fig. 2). In this extended panel including the 
resistant cells, the number of FdUMP binding sites corre- 
lated positively with the sensitivity to SFU (r-0.864; 
P<0.0001). However, when the resistant cell lines were 
excluded (FdUMP binding sites varying from 203—2758 
fmol/mg protein; 15 cell lines), no relation between TS 
levels and 5FU sensitivity could be found. As shown in our 
previous results, sensitivity to the antifolates RTX, 
ALIMTA, AG337 and GW1843 was not related to the TS 
levels [16]. However, the activity of FPGS was still pos- 
itively correlated to sensitivity to both RTX and ALIMTA. 
TS catalytic activity was significantly correlated to both 
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Fig 2 Relationship between. FdUMP binding (fmol/mg protem) and 
relative TS protein content as determined by Western blotting (Pearson 
correlation 0 786, P=0 002) TS protem was quantified using purified TS 
as a standard Updated from Ref [16] FdUMP binding was also correlated 
with TS catalytic activity (expressed as pmol/h/ 10° cells) measured at 
saturating substrate concentrations (r=0 810, P=0.0001) and at half- 
maximal substrate concentration (r= 0 732, P=0 003) TS catalytic activity 
correlated with TS-mRNA expression (r= 0 733, P=0 04) 


FdUMP binding (Fig. 2) and TS protein measured by 
Western blotting as described previously [16,17]. TS levels 
were also related to TS-mRNA expression. Recently, Grem 
et al. [41] also observed a lack of correlation between SFU 
sensitrvity and TS levels in the National Cancer Institute 60- 
cell line panel, either evaluated as TS protein or TS-mRNA 
expression. This lack of correlation might have several 
reasons, such as the relatively short drug exposure time 
(48 h), after which growth inhibition was determined. This 
continuous presence of 5FU possibly leads to a complete 
inhibition of TS independently of the endogenous TS levels 
as was observed in cells with induced TS [32]. Thus, growth 
inhibition might be dependent on additional parameters, 
such as the extent of induction of DNA damage [42]. 
Alternatively, sensitivity to 5FU might also be dependent 
‘on other parameters in addition to TS levels, such as toxicity 
mediated by incorporation of SFU into RNA. Recently, 
Scherf et al. [43] investigated a large panel of mechanisti- 
cally different drugs using cluster analysis after running 
microarrays. SFU clustered with drugs with an RNA-direc- 
ted effect, rather than with other TS mhibitors. 

It seems that very high amplified TS levels as found in 
cells with acquired resistance to SFU are only related to 5FU 
sensitivity. In other cells, the mechanism of 5FU might not 
be TS directed (e.g. RNA-mediated). Alternatively, the 
continuous exposure to SFU (varying from 48 to 96 h) 
may produce sufficient FdUMP to inhibit TS intracellularly 
to undetectable levels even in cells with a 10-fold difference 
m TS levels. In an in situ TS assay, SFU at ICso levels 
inhibited intracellular TS more than 50% within only 4 h in 
cells with varying levels of TS [18]. With RTX, we 
observed using in situ TS inhibition that a partial inhibition 
after 4 h exposure increased to a complete inhibition after 
24 h exposure [32]. Therefore, it seems that the usual in 
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vitro cell culture conditions (continuous exposure) are not 
representative for evaluation of a relation between TS levels 
and 5FU sensitivity, and certainly not for an evaluation of 
antifolate sensitivity [43]. The latter 1s due to the fact that 
intracellular folate homeostasis will rescue cells from anti- 
folate toxicity [44,45], especially when FPGS levels are 
high, since this would enable trapping of normal folates as 
polyglutamates in the cell. 


3.3. Sensitivity to 5FU and RTX m relation to p53 ex- 
pression 


Besides the well-known and reasonably well-character- 
ized resistance mechanisms of 5FU (Table 1), recently more 
evidence for other potential mechanisms has been provided. 
Ample evidence is now available that cytotoxic drug treat- 
ment of cells will result in an induction of p53 in cells with 
wt-p53 (reviewed in Ref. [42]). This will lead to an increase 
of p21, which can inhibit cell cycle progress by inhibition of 
CDK2, resulting in a cell cycle arrest and enabling the cells 
to repair drug-induced DNA damage. Alternatively, p53 
induction can also transactivate bax levels, which promotes 
cell death. However, in cells with mt-p53, the expression of 
bax also increased [24,25], and cells died, but without the 
appearance of apoptotic features. In contrast, cells became 
necrotic. The difference in p53 status indeed led to a 
significantly different sensitivity for SFU and RTX sensi- 
tivity in wt-p53 and mt-p53 cells (Fig. 3). For SFU, these 
results are comparable to the increased SFU sensitivity in 
wt-p53 cells from the National Cancer Institute 60-cell line 
panel compared to the cells with a mt-p53 expression 
[41,46]. This might be related to higher susceptibility of 
wt-p53 cells to enter apoptosis. 
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Fig 3 Relation between p53 expression and sensitivity to SFU and RTX 
Sensitivity was determined by means of a 72-h exposure to the'drugs, 
values are means + S E. of IC5; values (nM for RTX, uM for SFU and 
SFU-LV, LV was added at 10 pM) ICs» values for RTX and LV-5FU were 
significantly lower (*) m cells with a wt-p53 (4 cell lines with a low p53; 
P=0 042 and 0 019, respectively) than m cells with a mt-p53 phenotype 
(10 cell Imes with high p53) For SFU, this difference tended to be 
significant (P=0.060) From Refs [16,24] 


Table 2 

Expression of TSER and p53 in colon cancer cells 

Cell Ime p53 TSER 
SW620 mut 729 2/2 
SNU-C4 wild 027 2/2 
SW1116 mut 831 2/2 
WiDr mut 7 86 2/2 
W1Dr/F mut 5 06 2/2 
Colo320 mut 6 99 2/2 
SNU-CI wild 037 3/3 
Lovo wild 009 2/2 
LS174T . wild 0 1I 2/3 
SW948 mut 008 2/2 
HT29 mut 6.07 2/2 
SW1398 mut 724 2/2 
Colo205 mut 7.31 2/2 
Colo201 mut 53 2/3 
H630 mut nd 3/3 


Blots were scanned for p53, actin was used to control blots for loading of 
protein The p53 status was based on mutation analysis reported; p53 
expression were normalized on a reference amount of p53 protein TSER 
2/2 means that the cells were homogenous for the double repeat, 2/3 that 
they were heterogeneous for the double and triple repeat, and 3/3 that they 
were homogenous for the triple repeat. n d , not done 


3.4. TS levels in relation to TS gene promoter polymorphisms 


Evidence has been provided by Marsh et al. [29], that 
polymorphism of TS gene promoter regions may be related 
to TS-mRNA and protein expression. Tandem repeat 
sequences near the initiation start site in the 5'-untranslated 
region (5' UTR) of the human TS promoter act as a cis- 
acting enhancer element in the TS gene and have been 
shown to influence TS expression. These TSERs are poly- 
morphic and contain either two or three 28-bp tandem 
repeats. In vitro the triple tandem repeat (TSER*3) 
increased the TS expression compared to the double tandem 
repeat (TSER*2). Therefore, we also analyzed the tandem 
repeats in our panel of cell lines (Table 2). Only two cell 
lines (H630 and SNU-C1) showed a homogenous TSER*3, 
and two other cell lines a heterogeneous double/triple 
repeat. Interestingly, SNU-C1 and SNU-C4, which are cell 
lines derived from the same patients, showed a different 
TSER genotype. When the TS levels (activity, protein, 
mRNA) in these lines (TSER*3 and TSER*2/3) were 
compared with the other cell lines (all TSER*2), no sig- 
nificant differences were found. In addition, the SFU resist- 
ant variants H630-R1 and H630-R10 also showed a 
homogenous TSER*3, although their TS levels were mark- 
edly increased compared to H630 cells. Apparently, in this 
cell line panel, the tandem repeats do not influence TS 
levels, or the number of cell lines was too small to draw 
such conclusions. 

Also in patients, the occurrence of tandem repeats has 
been investigated. In DNA from 121 patients with colorectal 
cancer, 29% of the patients were homogenous for TSER*3, 
16% were homogenous for TSER*2 and 55% were hetero- 
geneous [29]. In 44/45 paired samples, the TSER was 
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similar in colon tumors and normal mucosa. Patients homo- 
genous for TSER*2 had a longer survival than those with a 
homogenous TSER*3. Also, Villafranca et al. [47] observed 
that patients with homogenous TSER*2 and heterogeneous 
TSER*2/3 tended to have a longer survival than patients 
with a homogenous TSER*3 (81% vs. 41%, P=0.17). 
Iacopetta et al. [48] observed that from 221 patients with 
Dukes' C colon cancer, 26% were homogenous for TSER*3 
and did not benefit from 5FU-based chemotherapy. How- 
ever, those patients with a heterogeneous TSER*2/3 or 
homogenous TSER*2 genotype showed significant gain in 
survival (P=0.005) from treatment. The value of the 
genomic polymorphisms in the TS gene promoter region 
should be investigated prospectively. 


4. TS induction in cell lines 


The regulation of TS levels in the cell cycle can be 
disrupted by various TS inhibitors [49]. When FdUMP is 
bound to TS in the ternary complex, the protein can no 
longer autoregulate its own synthesis, leading to a dere- 
pression and increase in TS protein. Thus, inhibition of TS 
in vitro either by the formation of the ternary complex 
between FdUMP, the enzyme and 5,10-CH;-THF [50,51], 
or by specific TS inhibitors such as RTX [49], disrupt the 
regulation of enzyme synthesis. This is shown as an 
increase in TS protein expression, which is not accompa- 
nied by an increase in TS-mRNA. The increase in TS 
protein, however, may also be due to stabilization of the 
protein due to decreased degradation of the ternary complex 
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Fig 4 Effect of 24- and 48-h treatment with 50 uM 5FU on TS levels in the 
colon cancer cell lines, HT29, SW948, WiDr/F (all mt-p53) and LoVo (wt- 
p53) and the p53 null myeloid leukemia cell line HL60. Data were 
expressed as the ratio of (OD x mm^), (OD x mm)contror Specific 
protein levels m drug-treated cells were expressed relatrvely to the specific 
protein levels in the untreated control cells (at similar total protein loads; set 
at 1) Data are from one representative experiment as described previously 
[24]. Œ, O free TS (36-kDa band) after 24 and 48 h, respectively; Ed, 5 
ternary complex (38-kDa band) after 24 and 48 h, respectively 


[52]. The. SFU induced increase could be prevented by 
interferon-y [53]. Increase in TS levels in cell lines after 
exposure to SFU or antifolate TS inhibitors seems to be a 
universal finding, but it 1s not clear from the in vitro studies 
whether this increase is related to sensitivity to SFU or 
antifolate TS inhibitors. The increase is usually between 
two- and five-fold, but is concentration and time-dependent 
[24,25,54]. Exposure to SFU leads to an initial decrease in 
free TS and an increase in the ternary complex (Fig. 4); 
however, the total amount of TS protein exceeded that of 
untreated cells [24,25,55]. In cells treated with RTX and 
other antifolate TS inhibitors, free TS protein accumulated 
in time [24,25,32,54]. In a panel of six colon cancer cell 
lines, the extent of TS protein induction was not related to 
sensitivity to SFU or RTX [24]. Actually, in WiDr cells, 
induction of TS protein by RTX was not sufficient to 
prevent complete inhibition of TS in the in situ TS inhib- 
ition assay [32]. Apparently, the continuous presence of the 
inhibitor will lead to TS protein induction, but will also be 
sufficient to allow complete inhibition of TS catalytic 
activity. As mentioned above, this possibly also explains 
the lack of correlation between TS protein levels and 5FU 
and antifolate sensitivity. ‘ 


5. TS levels and induction in solid experimental tumors 


Evidence for a lack of relation (or at most a poor 
relation) between TS levels and in vitro sensitivity patterns 
for 5FU and antifolates is accumulating. However, this 
does not mean that such a relationship would not exist in 
vivo. Spears et al. [56] have already observed that exper- 
imental colon tumors with a high TS activity were less 
sensitive to 5FU. Although the reported panels are not as 
large as for the in vitro studies, all together there seems to 
be a reasonably good relationship between TS levels and 
5FU sensitivity, despite the fact that 1n vivo pharmacoki- 
netics determine 5FU concentrations. Actually, the similar- 
ity of 5FU plasma pharmacokinetics between humans and 
mice might be in favor for extrapolation of murine data to 
humans [21]. Also, in our panel of tumors, we found that 
5FU-sensitive tumors had a lower TS activity than 5FU- 
resistant tumors [22,23,57]. Treatment with a therapeutic 
dose of SFU resulted in a more pronounced inhibition in 
the sensitive tumors compared to the resistant tumors. In 
addition, 5FU treatment resulted in a two- to three-fold 
induction of TS in the resistant tumors, which already had a 
high activity [22,23,57]. This TS induction was already 
found 7 days after treatment with SFU at 100 mg/kg and 
was more pronounced after three treatment cycles (Fig. 5). 
However, in the sensitive tumors, this induction was not 
observed, and TS levels were further reduced following the 
second and third injection. In the resistant tumors, the 
induction could also be prevented by repeated administra- 
tion, but only by the use of a higher dose of 5FU (150 mg/ 
kg) (Fig. 6). The latter is only possible when toxicity of 
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5FU to mice is selectively protected by uridine (or a uridine 
prodrug) administration [58]. Uridme administration enabled 
a 1.5-fold increase in the 5FU dose, which was also associ- 
ated with an increased antitumor activity. Also, treatment 
with 5-fluorodeoxyuridine (FUdR) resulted in a two-fold 
induction of TS; however, for FUdR the onset of TS induction 
was later (10 days) than for 5FU (7 days). FUdR, when given 
as a bolus, was a more effective treatment than SFU and is 
thought to be entirely TS directed [57]. 

The most relevant clinically important finding was the 
observation that the enhanced antitumor activity of the SFU/ 
LV combination compared to 5FU alone, was associated 
with the prevention of TS induction by LV (Fig. 5) The 
combination of 5FU with LV and uridine provided a double 
modulation: LV increased the antitumor effect of 5FU, while 
uridine enabled to use a higher SFU dose by protection of 
gastrointestinal and myeloid toxicity. Uridine selectively 
protects normal tissues since the toxicity is mediated by 
incorporation into RNA [59,60], which is protected by 
uridine. Uridine also protected SFU-induced apoptosis in 
the gut [61]. The double modulation resulted in the best 
therapeutic efficacy compared to 5FU alone, since both LV 
and an increased 5FU dose apparently provide an enhanced 
and prolonged TS inhibition in tumors. 

TS induction was not only observed in tumors, but also 
in normal tissues. Local administration either by hepatic 
artery infusion or isolated liver perfusion of SFU are more 
effective treatments than systemic administration, but may 
result in local hepatotoxicty. Local administration of SFU 
not only exposes the liver metastases but also the normal 
liver tissue to the ‘high concentrations of 5FU. Local 
administration of 5FU resulted m a pronounced inhibition 
of TS in liver metastases (> 70%) [62]. In contrast, local SFU 
administration resulted in a six- to seven-fold TS induction 
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Fig. 5 Effect of SFU treatment on TS levels (TS inhibition and induction) in 
experimental tumors Mice bearing Colon 26 (SFU resistant) or Colon 38 
(SFU sensitive with complete remisstons) were treated weekly (days 0, 7, 
14) at the therapeutic dose of 5FU (100 mg/kg) LV was given as a double 
dose of each 50 mg/kg, the first dose at 1 h before 5FU and one dose together 
with SFU [22] TS catalytic activity im untreated tumors was 2 32 + 0 72 and 
0 80 + 0.23 nmol/h/mg protein, respectively (means + S D ), and was set at 
100% Values are means, S.D were less than 15% 
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Fig 6 Effect of uridine (UR) and LV on 5FU-induced TS inhibition and 
induction m Colon 26 tumors. Mice were treated weekly (days 0, 7, 14) 
with SFU alone at 100 mg/kg and in combination with uridine (3500 mg/kg, 
2 and 18 h after each SFU dose) at 150 mg/kg. LV was given as described in 
the legend to Fig 5 This 5FU dose was well tolerated because normal 
tissue toxicity could be protected by providing uridine as a salvage 
treatment Values are means + S D After 17 days, TS-total and TS-residual 
were significantly higher after SFU treatment compared to 5FU-UR and 
SFU-UR-LV (P«002) after 3 days, TS-total, and after 17 days, TS- 
residual were significantly higher after 5FU-UR compared to SFU-UR-LV 
(P«005) From Ref [58] 


in normal liver. Since no liver toxicity was seen with local 
5FU administration, the induction of TS apparently provides 
an additional protection of the normal tissues. Interestingly, 
TS was also induced in normal gastrointestinal mucosa, 
adding to a selective effect. Similarly, Welsh et al. [54] 
observed a larger induction of TS in normal tissues compared 
to tumor tissues, although this was after treatment with an 
analog of RTX, ZD9331. 


6. TS inhibition and induction in human disease 


6.1. TS levels and inhibition in relation to response and 
survival 


Although one of the most widely used drugs, 5FU 1s only 
moderately active in patients. Since modulation of 5FU with 
LV enhanced 1n vitro cytotoxicity of SFU and the in vivo 
antitumor effect of SFU (reviewed m Refs. [63,64]), the 
combination was entered into the clinic and proved to give a 
better therapeutic efficacy than SFU alone [65], both in 
terms of survival and response. In order to determine 
whether tumoral TS levels and SFU-induced inhibition 
would be related to the response to SFU, we gave patients 
a 500 mg/m? iv. dose before surgery and removed the 
tumors between 1 and 72 h after drug administration. Most 
patients were subsequently entered in a clinical study m 
which they were treated with a hepatic artery infusion of 
5FU at a dose of 1000 mg/m^/day for 6 days. The study 
aimed to determine what extent of TS inhibition 1n primary 
human colon tumors and in liver metastases would be 
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sufficient to result in a response to SFU. TS inhibition in 
tumors is retained for at least 48—72 h after a bolus injection 
of 500 mg/m? 5FU [20,66]. In those patients in whom the 
TS activity in tumors remained low after 45 h, we observed 
a significantly higher response compared to patients, in 
which the activity was high. In 19 patients responding to 
SFU hepatic artery infusion, TS levels in the tumor were 
significantly lower than in the tumors from 21 non-respond- 
ing patients (Fig. 7). In breast cancer patients, the number of 
FdUMP binding sites increased and the effect of CH2-THF 
decreased during development of resistance [67]. 

TS levels were also evaluated using immunohistochem- 
istry, which essentially resulted in a similar pattern [26,27]; 
untreated patients had a relatively high TS expression in the 
tumor, while SFU administration decreased this level. After 
45 h, most patients displayed a normal level of TS 
expression. In addition, patients with a low TS expression 
had a longer survival than patients with a high TS staining 
(Fig. 8). 

This study also evaluated the effect of LV on TS levels. 
The TS assays not only enabled us to evaluate TS inhibition, 
but by dissociation of the ternary complex also to evaluate 
total TS levels. SFU administration increased total TS levels 
two-fold at 24 h (Table 3); LV not only increased TS 
inhibition, but also reduced the TS induction. These clinical 
data support the biochemical basis for LV modulation and 
also demonstrate the validity of the translation of preclinical 
data to the clinic. 


6.2. Regulation of TS mduction 


Although mmmunohistochemistry gives a good insight in 
the morphological distribution of TS, its discriminative 
potential is rather poor, while the cytosolic staining of TS 
is more difficult to quantify than an enzyme assay and 
mRNA expression. Since TS-mRNA expression m colon 
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Fig. 7 Relation between TS levels and response to SFU treatment Tumors 
were removed from the patients at the indicated time points and im- 
mediately stored m liquid nitrogen TS-total levels (measured at 1 uM 
dUMP) are given The difference ın TS levels between both groups 1s 
significant at the level P«0 01 Modified from Refs [20,66] 
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Fig 8 Relation between TS expression as determined by 1mmunohisto- 
chemustry and survival after SFU treatment via hepatic artery infuston given 
with a Porth-a-Cath (PAC) The Kaplan—Meter curves show the probability 
of survival of 18 patients with liver metastases Patients with a low 
expression had a significantly better survival than those with a high 
expression (P=0 025, log-rank test) From Ref [27] 


tumors is relatively low, Northern blots could not be used 
and TS expression was quantified using RT-PCR with B- 
actin and 18S as the reference genes. TS-mRNA expression 
varied 17.7-fold relative to B-actin-mRNA and 41.7-fold 
relative to 18S-rRNA (Fig. 9). TS-mRNA was correlated 
with TS catalytic activity in these samples; both when 
expressed as TS/p-actin (P=0.8243, P=<0.0001) and 
TS/18S (r-0.6226, P=0.0034); also for FdUMP binding 
capacity, a good correlation was found with TS-mRNA 














Table 3 
TS levels m patients after SFU administration 
TS assay Drug/time 
SFU 5FU 5FU S5FU/LV 
(2 h) (23 h) (45 h) (45 h) 
TS catalytic activity (pmol/h/mg protein) 
TS-total 21 53* 37 31 
TS-residual li 32* 30 13 
FdUMP binding (fmol/mg protein) 
TS-tot 58 128** 72 92 
TS-free 0 22** 23 22 
TS-mRNA expression 
TS/P-actn (x 107) 42511 80+15*  Á 32-10 na 
TS/188 (x10 7$) 15x31 152+50** S7+15 na 


Values for TS catalytic activity and FAUMP binding are medians of 11-15 
patients, TS-total 1s the total catalytic activity, and TS-tot the total number 
of FdUMP binding sites, as measured after dissociation of the temary 
complex TS mhibiin 1s given as TS-residual, which is the catalytic 
activity of TS, and TS-free, which is the number of free FAUMP binding 
sites, as measured before the dissociation of the ternary complex was 
performed [20] The TS-mRNA expression (means + SD) is a relative TS- 
mRNA expression calculated as the ratio between TS-mRNA expression 
and that of either B-actin or 18S [28]. Significantly different from the 2-h 
values at the level *, P«0 05 or **, P«0 02 using either Mann- Whitney 
test (TS activity) or a Student's t-test (TS-mRNA) Time pomts indicate 
medians of the sample times There was no significant difference in the B- 
actin/18S expression ratio between the various time points 
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Fig 9 Relation between TS-mRNA expression (normalized to B-actin) and 
TS catalytic activity (pmol/h/mg protein measured at 10 uM dUMP) in 
colon tumors. The linear regression coefficient was 08243 with a 
P«0 001 


expression. Following 5FU treatment, the TS/p-actin ratio 
significantly ( P= 0.0493) increased two-fold from the 2 h 
samples to the 23 h samples followed by a significant 
(P 0.0212) decrease from the 23 to 45 h samples (Table 
3). Induction of TS was also found when comparing enzyme 
activities at these time points. 

In order to determine whether the amount of TS enzyme 
per expression unit of TS-mRNA changed, we calculated 
the ratio of enzyme levels relative to TS/p-actin. Interest- 
ingly, the ratio catalytic activity compared to either TS/ 
Bactin or TS/18S gradually increased (Fig. 10). However, 
the ratio FHUMP binding compared to TS/p-actin or TS/18S 
was induced at 23 h compared to 4 h, but decreased again at 
45 h. For TS/18S, these data were significant. These data 
indicate a greater induction of TS protein (as seen for the 
FdUMP binding) relative to TS-mRNA. This is in line with 
a TS autoregulation as proposed by Chu et al. [33,53]. 
According to this model, TS protein binds to TS-mRNA 
inhibiting its own translation, TS bound by FdUMP will not 
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be not able to inhibit its translation, and the translation is 
derepressed, leading to more enzyme synthesis. Since in 2-h 
samples, the major part of TS is bound by FdUMP, the 
autoregulation is disrupted and TS protein is synthesized 
more compared to TS-mRNA. The TS protein then reaches 
a plateau at 23 h when evaluated as the ratio TS protein/TS- 
mRNA (measured as FdUMP binding capacity), but when 
expressed as TS catalytic activity/TS-mRNA the ratio 
increased. This indicates that more functional protein is 
present after 45 h. 

Altogether, the pattern of changes ın TS-mRNA and TS 
protein is quite complicated, and possibly due to a dual or 
even triple effect in these tumors. Initially, TS bound by 
FdUMP derepresses the autoregulation of TS-mRNA trans- 
lation, leading to more synthesis of TS protem. Subse- 
quently, the amount of E2F [26] increases, which induces 
transcription leading to more TS-mRNA, encoding for even 
more TS protein. Next to these effects, formation of the 
ternary complex also leads to a stabilization of TS, with as 
an ultimate effect an increase in total TS protein. Fortu- 
nately, although TS protein is induced, FdUMP at suffi- 
ciently high concentrations can still almost completely 
inhibit TS. This was associated with a better response to 
5FU therapy when the residual TS and free TS were below 
certain thresholds [20]. 


7. Conclusions and perspectives 


The expression of TS is controlled at several levels, 
which may all affect the final enzyme catalytic activity in 
the cell and the ability of drugs to mhibit the functional 
activity of the enzyme. Since TS 1s the target for SFU and 
several folate-based TS inhibitors, it was expected that TS 
expression would be related to the sensitivity to 5FU and 
the antifolates. Acquired resistance to 5FU or antifolates 
has indeed been associated with an increased TS expres- 
sion (both at the mRNA and protein level) [5,11,15]. When 
such cell lines are included m panels to evaluate a potential 
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Fig. 10 Effect of SFU treatment on TS enzyme levels m relatian to TS-mRNA expression The ratio TS catalytic activity divided by the relative TS-mRNA 
expression was calculated for each patient Values are means + S D The increase was significant ( P < 0 05) at 45 h for the TS/B-actin data and at 23 and 45 h 
for the TS/18S data Interestingly, for the ratio FAUMP binding/TS-mRNA, a peak (3-fold for TS/B-actin P= 0 0136; and 4.5-fold for TS/18S, P=0 0115) was 


observed at 23 h, while after 45 h, the ratio was back to that observed at 2 h 
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relationship between TS levels and 5FU sensitivity, a sig- 
nificant correlation has been found repeatedly [5,16,17]. 
When including resistant cell lines in our cell line panel, 
SFU sensitivity was related to TS levels. Although we 
previously reported a poor relation between TS levels and 
5FU sensitivity [16], this relation did not exist when we 
extended the cell line panel with more unselected cells. 
Statistically, this unexpected finding might be explained by 
inclusion of more data, which will correct for an intrinsi- 
cally poor relationship. Mechanistically, the lack of corre- 
lation may be explained by the fact that the cell lines are 
exposed continuously to 5FU. This leads to a continuing 
synthesis of FdUMP, which enables an almost complete 
inhibition of TS. This has been seen in the m situ TS 
mhibition assay with intact cells, in which TS activity was 
still inhibited although TS protein was induced [32]. In 
addition, a more pronounced effect may be found in 
rapidly proliferating cells that tend to have a higher TS 
activity [41]. The continuous exposure does not reflect 
most commonly used schedules to treat either animals or 
patients [5,21,65]. Currently, most treatment protocols 
consist of bolus injections or short infusion up to 24 or 
48 h, which will result in high drug levels for a relatively 
short period followed by a rapid plasma clearance. Al- 
though the drug 1s retained longer in tissues [21], contin- 
uous exposure in vitro in cell hnes does not reflect the in 
vivo conditions in animals and patients. In cell lines, the 
effect is quantified at the end of the exposure, while in 
animals and patients, the response is evaluated after a 
period of at least several weeks. Therefore, extrapolation 
of experiments with cell limes should be done carefully, 
taking into account these variations. In contrast, cell lines 
can very well be used to study single parameters, such as 
the potential mechanism of TS induction and the mecha- 
nisms by which 5FU and antifolates can cause cell death. 
In cell lines, it has also been shown that phosphorylation of 
the protein [68,69] may affect TS activity, which might 
explain some of the discrepancies between TS catalytic 
activity and FdUMP binding. In addition, the presence of 
antisense TS-mRNA [70] may affect expression of the 
normal TS-mRNA. 

Protein expression (either with xymmunohistochemistry or 
Western blots) and TS-mRNA expression may reflect the 
catalytic activity of TS in the cell. However, when cells are 
treated, TS protein can be induced without a corresponding 
increase in TS-mRNA levels. Several studies now report a 
consistent relationship between intrinsic TS levels and 
response and survival to SFU-based chemotherapy 
(reviewed in Ref. [71]). This relationship was found for 
various types of cancer, when TS levels were evaluated 
either by classical TS activity assays (e.g. Refs. [20,67]), TS 
immunohistochemistry (e.g. Refs. [27,72]) or TS-mRNA 
expression [73,74]. However, when the role of TS expres- 
sion in adjuvant treatment of primary disease is evaluated, 
the role of TS expression is less clear. For example, 
Johnston et al. [72] reported that patients with a high TS 


expression had a longer survival when treated with adjuvant 
chemotherapy than patients with a low TS expression. 
Apparently in primary disease other factors, such as pro- 
liferation markers and repair enzymes may play another 
important role [73,75]. Before using TS expression to select 
patients for a specific type of adjuvant therapy, these factors 
Should be characterized in large patient populations. How- 
ever, in advanced disease, the correlation between TS levels 
and effect of SFU is consistent throughout a variety of 
studies [71]. Therefore, the type of treatment of advanced 
colorectal cancer can be based on the TS expression in a 
prospective manner. Patients with low TS enzyme levels 
(TS activity, rmmunohistochemistry or mRNA) are expected 
to respond better to a SFU-based therapy than patients with 
a high TS expression. When TS expression was combined 
with that of dihydropyrimidine dehydrogenase (DPD), none 
of the patients with high TS and DPD expression responded 
to SFU-based therapy [76]. These patients should be 
selected for a non-SFU-based therapy such as with the 
topoisomerase I inhibitor irinotecan or the platinum analog 
oxaliplatin. 
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Abstract 











Thymudylate synthase (TS) ıs a well-recognized target for anticancer chemotherapy. Due to 1ts key role ın the sole de novo pathway for 
thymidylate synthesis and, hence, DNA synthesis, it ıs an essential enzyme ın all life forms. As such, ıt has been recently recognized as a 
valuable new target against infectious diseases. There is elso a pressing need for new antimicrobial agents that are able to target strains that 
are drug resistant toward currently used drugs. In this context, species specificity is of crucial importance to distinguish between the invading 
microorganism and the human host, yet thymidylate synthase is among the most highly conserved enzymes. We combine structure-based 
drug design with rapid synthetic techniques and mutagenesis, 1n an iterative fashion, to develop novel antifolates that are not derived from the 
substrate and cofactor, and to understand the molecular basis for the observed species specificity. The role of structural and computational 
studies in the discovery of nonanalog antifolate inhibitors of bacterial TS, naphthalein and dansyl derivatives, and in the understanding of 
their biological activity profile, are discussed. @ 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Folate-dependent enzymes have always been considered 
as attractive targets for hyperproliferative diseases, includ- 
ing cancer and infectious diseases [1,2]. Since they are 
usually involved in processes related to nucleic acid syn- 
thesis, their inhibitors act as antimetabolites, inhibiting cell 
division [3]. A problem with the current antimetabolite 
drugs is the development of resistance in human and 
pathogenic cells. Such resistance has arisen under intense 
and continuous chemotherapy, and can diminish or abrogate 
the therapeutic responses to these drugs [4]. The mecha- 
nisms of drug resistance can be seen both in multidrug 


Abbreviations hTS, human thymidylate synthase, LcTS, L case: TS, 
EcTS, E colt TS, dUMP, 2'-deoxyundine-5’-monophosphate; FdUMP, 5- 
fluoro-2"-deoxyuridine-5'-monophosphate; RFC, reduced folate factor, 
DDT, didansyltyrosine; FPGS, folylpolyglutamyl synthetase, PTH, phe- 
nolphthalem 
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resistant proteins that pump drug molecules out of the cell, 
and in mutations in the structural gene for the target itself 
that directly diminishes the affinity of the drug for the target 
enzyme. In recent years, with the advent of modern tech- 
nologies in drug discovery, better understanding of the 
molecular basis of drug-target interactions have been 
reached and suggest new strategies to solve the above- 
mentioned problems [5]. 

Because of its essential role in DNA synthesis, thymi- 
dylate synthase (TS) is among the most studied of folate- 
dependent enzymes. We report the development of two 
novel classes of inhibitors of TS that were discovered 
through structura] insights, and that have no roots in the 
initial substrate or cofactor. We show how a 100-fold 
species selectivity was developed into an antipathogenic 
inhibitor by structure-based elaboration. 

Thymidylate synthase has a dual function, acting both as 
an enzyme and as a regulator of its own expression by binding 
and inactivating its own RNA. As a catalytic protein, it 
catalyzes the reductive methylation of 2'-deoxyuridine-5'- 
monophosphate (dUMP) to 2'-deoxythymidine-5'-mono- 
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phosphate (dTMP) [6]. As a regulatory protein, TS may also 
be involved in the synthesis of proteins that regulate the 
apoptotic process [7,8]. 

The sequences of the TS enzymes from more than 30 
organisms have been determined. Among them, many are 
from pathogenic microorganisms that include the fungi 
Cryptococcus neoformans and Pneumocistis carinii; para- 
sites, Trichinella spiralis, Leishmania major, Tripanosoma 
cruzi, Plasmodium malariae; and bacteria, Escherichia coli 
and Staphylococcus aureus. Sequence alignment and com- 
parisons show that, of 26 residues involved in substrates 
binding, 16 are completely conserved, so that TS is one of 
the most conserved enzyme known [6]. Therefore, inhibitors 
against one species can be used as a starting point for 
development of species specific inhibitors, by taking 
advantage of the unique features of the active sites of each 
pathogenic species. 

The inhibition of TS can be accomplished through the 
design of molecules that interfere with substrate binding. 
After 5-fluorouracil (the active form of which is 5-fluoro- 


2' -deoxyuridine-5'-monophosphate, FdUMP) the first 
mechanism-based inhibitor of TS introduced in anticancer 
chemotherapy, ZD1694 (Fig. 1) a folate-related com- 
pound, is effective in clinical therapy against colorectal 
cancer. Other molecules with folate-related structures have 
been synthesized, including CB3717, GW1843, AG337, 
ZD9331, LY21514 (Alimta) [9] (Fig. 1). These molecules 
have different metabolism according to how well they can 
be transported into the cells through the RFC system, or 
other transporter mechanisms. They can be polyglutamy- 
lated by folylpolyglutamyl synthetase (FPGS), which 
increases their intracellular concentration, and their affin- 
ity for the enzyme. Drug resistance mechanisms include 
changes in FPGS or in TS itself. 

One strategy to sidestep these problems is to design 
compounds that avoid the metabolic steps, do not need 
activation and bypass the FPGS transporter mechanisms. In 
fact, one of the most important mechanisms of resistance is 
overproduction of TS due to failure of the feedback regu- 
lation of TSmRNA transcription mediated by TS [10]. 


CONHCH———COOH 


>? H 
NH Š — )- i 
A | (CHa), 


N5,N10-methylenetetrahydrofolate X 7 
CHN E MAE 
poog: {cH,),COOH 


oil coco 
Jes) [CH2)sCOOH 
CH; 


ZD1694 


AG337 
° Á H 
N 
A O COOH 
Me N Me 
ZD9331 






CB3717 


° 
pow OO (CH,),COOH 


BW 1843U89 
H 
N 
Cs 
o H 
COOH 
NH 
p^ | > O COOH 
NHZ ^N 
I H ALIMTA 
(LY231415) 


Fig. 1 Known folate analogs acting as TS inhibitors 
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2. Experimental procedures 


Docking calculations were performed with the computer 
program DOCK 3.5 using rigid body energy minimization 
(500 steps) [11]. Electrostatic and van der Waals interaction 
energies were calculated using a potential map calculated by 
CHEMGRID. For van der Waals terms, no upper maximum 
was set on the interaction energy (i.e., high-energy contacts 
were not truncated). For electrostatic terms, a distance- 
dependent dielectric constant of 4R was adopted. The 
standard AMBER-based parameter set was used [12]. Dock- 
ing calculations used crystallographically determined struc- 
tures of LcTS in complex with phenolphthalein [13], 
compounds a156 and MR20 (Fig. 2). The atoms of these 
inhibitors were used as “sphere centers” in these calcula- 
tions [14]. 

Ligand structures were built using SYBYL (Tripos 
Associates, St. Louis) without minimization. Partial atomic 
charges were calculated using the method of Marsili and 
Gasteiger [15]. 

The hTS model used here was derived from the structure 
of E. coli TS [16]. The humanized E. coli TS crystal 
structure has been used very successfully as a model of 
the human enzyme in previous inhibitor design studies 
[17—19]. 


3. Structure-based design of non analog antifolate 
inhibitors 


Thymidylate synthase remains a good target for struc- 
ture-based drug design [20,21]. Over 90 X-ray crystal 
Structures have been solved since 1987, when the first X- 
ray structure of the apoenzyme from Lactobacillus casei 
was determined in Stroud's laboratory at UCSF in San 
Francisco. It was not until 1996 that the first structure of 





a156 R=Cl, R'=H 
MR20 R=H, R'-NO; 


Fig 2 Naphthalein derivatives acting as nonanalog antifolate inhibitors 


(NAAD 


human TS was determined, initially for the apoenzyme 
[22,23]. Unfortunately, it was not suitable for typical anti- 
folate drug design because the catalytic loop is twisted 
relative to the liganded structure [24,25]. In former years, 
to overcome the problem of not having the liganded hTS 
structure, scientists used a so-called humanized E.coli TS. 
This structure was a modification of the native EcTS in 
which some residues involved in ligand binding were 
substituted with the corresponding residues from hTS (i.e., 
Glu82 was truncated to alanine, Trp83 was modified to 
asparagine and Ile264 was modified to valine, according to 
EcTS numbering). Such a structure was suggested to have 
the correct sequence/folding for modelling hTS and it was 
used to design anticancer compounds [17]. Many leads and 
one drug have been discovered so far, using the humanized 
EcTS structure, such as the compounds developed at 
Agouron. Only recently have the temary complex of hTS 
with dUMP and ZD1694 [24], and the complex with (UMP 
and LY21514, been obtained [25]. In principle, it is possible 
to rationally design compounds directed to a pathogenic TS 
whose X-ray structure is known, e.g., that for P carinii [26], 
taking advantage of the sequence/structure differences with 
respect to human TS. 

Efforts to discover species-specific inhibitors of TS often 
led to folate related compounds with classical nonspecific 
biological activity profiles. These molecules, structurally 
related to the folate cofactor, inhibit at the same level hTS 
and bacterial/fungal TS [27,28]. 


3.1. Phthalein derivatives discovery 


In 1993, Shoichet et al. [13] published a pioneering 
structure-based inhibitor search based on application of 
docking algorithms to L. casei TS, and searching the 
available chemical database using the computational pro- 
gram DOCK [14]. For the X-ray ternary complex of LcTS— 
dUMP-CB3717, DOCK screened the FCD (Fine Chemical 
Directory) database, but notably excluding analogs of the 
substrates, i.e., (UMP analogs and folate-related com- 
pounds. This led to discovery of phenolphthalein (PTH) as 
a low-micromolar inhibitor of LcTS. The biological activity 
profile of this molecule was nonspecific: K, vs. LcTS was 
4.7 uM and K, vs. hTS was 1.3 uM. PTH is a dye and a 
well-known laxative agent, so it could not be considered a 
lead, but a hit. Nevertheless, it is an interesting molecule 
because it suggested that nonfolate related molecules could 
bind to the TS binding site with good affinity. The X-ray 
crystal structure revealed that this molecule binds compet- 
itively, close to the area where CB 3717 binds in the ligand 
binding cavity. 

Starting from PTH, the design of novel inhibitors of TS 
was further developed through a combination of X-ray 
structure analysis, database exploration and combinatorial 
studies. This led to new candidates that underwent synthetic 
optimization and biological evaluation in our hands. In such 
a structure-based approach, the knowledge of the 3D struc- 
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ture of the target in complex with the evolving compounds 
is key to improving the quality and reliability of successive 
iterations, as is the feedback from biochemical and bio- 
logical screening. Applying these techniques, it was possi- 
ble to develop a series of nonfolate analog TS inhibitors that 
included naphthalein and dansyl derivatives, as described in 
the following sections. 


3.2. Naphthalein derivatives 


Starting from the X-ray structure of the binary complex 
of LcTS with PTH [13], the structure of the ligand was 
further modified with other substituents. Small substituents 
on the phenolic ring, such as halogens, were introduced and 
their biological activity evaluated [29,30]. This led to the 
2,3-naphthalein and the 1,8-naphthalein derivatives. With 
the latter, the results were most interesting: since introduc- 
tion of the substituents on the naphthalene ring and, in 
particular, on the phenolic rings, influenced the biological 
activity profile, and the ‘affinity fingerprint’ [29]. Applica- 
tions of docking algorithms using DOCK suggest that the 
naphthalein derivatives bind in the same site as PTH, with 
two families of orientations, both close to the classical folate 
recognition site. When the compounds were tested, a156 
(Fig. 2) inhibited LcTS and EcTS with the same affinity 
(K,= 0.5 uM) while it bound to hTS 40-fold less. This is, to 
our knowledge, the first species-specific TS inhibitor. By 
contrast, MR20 (Fig. 2) shows the same affinity for bacterial 
TS and hTS (K,=1 uM) [30]. The structural basis for the 
specificity of al56 was investigated by means of X-ray 
crystallography, mutagenesis and computation. 

The X-ray crystal structure of the binary complex LcTS — 
al56 was determined [30]. Surprisingly, this molecule binds 





CB3717 


= S 


in a different binding site than the parent compound (PTH). 
It is shifted 5 Å towards the entrance of the active site with 
respect to the folate site. In Fig. 3, CB3717 is represented 
bound to its crystallographic binding site to show its relative 
position with respect to al 56. 

The X-ray structure of the LeTS—a156 complex differed 
from the DOCK prediction, in that the crystallographic 
binding mode placed the molecule close to the small 
domain, while DOCK placed the same molecule close to 
the folate recognition domain. It is well known that DOCK 
has such limitations, emphasizing the need for successive 
crystal structure determinations as the series progresses. 
Nevertheless, this case was not a simple one, since some 
experimental results suggested that these molecules could 
bind to more than one binding site. Mutagenesis studies 
were designed to better understand the mode of action of 
these compounds [30]. Residues that represented key inter- 
actions with the ligands involved were mutated: V316A, 
W82Y and E60D. The three residues are directly or indi- 
rectly involved in ligand interactions and direct or long 
range effects could be expected. The apparent K, values 
were measured and it was observed that some substitutions 
diminished the extent of inhibitor binding from 3- to 20-fold 
(V316A and E60D with a156). Several substitutions 
improved the extent of inhibitor binding up to 2.5-fold 
(E60D with PTH and MR20). These results were ascribed 
to multiple binding modes in which these molecules can 
bind to more than one binding site with different K, values. 
The crystallographic structure seems most definitive. The X- 
ray crystal structure was difficult to obtain and the occu- 
pancy (in terms of electron density of the ligand) of the 
crystallographic configuration was not complete, suggesting 
some disorder or multiple binding configurations [30]. Also, 


( 





Fig. 3. Superimposition of the folate analog CB3717 and the nonfolate analogs PTH and a156 in their crystallographic binding configuration in L. casei TS. 
The X-ray crystal structures of the three compounds with LcTS have been superimposed to show the different binding configurations. 
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the kinetics were difficult to interpret: since some com- 
pounds were almost competitive inhibitors with respect to 
the folate cofactor, some were ‘mixed’ type inhibitors. while 
others were noncompetitive [29]. 


4. Docking analysis of naphthalein binding 


Computational analysis, based on the three X-ray struc- 
tures of PTH, a156, MR20 with LcTS, were applied to 
define the basis of species specificity. Rigid-body energy 
minimization and molecular docking calculations were 
performed to investigate how well the compounds fit into 
each others’ binding sites, and the analogous site: in a 
humanized (see Section 2) E. coli EcTS structure [33]. The 
results derived from a comparison with the humanized EcTS 
showed how the small domain is especially important in 
terms of specificity, since this region is much shorter in the 
human enzyme. 


4.1. Binding analysis of phthalein derivatives to hTS 


When compound a156 is fitted into the humen TS 
structure, in the same binding site as that of LcTS, it appears 
to be poorly accommodated, physically intersecting several 
residues. In this orientation in hTS, a156 has a high energy 
of interaction due to these steric conflicts. On rigic-body 
minimization, which allows the ligand to move as z rigid 
body but keeps the receptor rigid, the ligand moved dy 4.2 
A from its analogous position in hTS, achieving = final 
energy that was higher (worse) than when minimizec from 
its LcTS orientation (Tables 1 and 2). Molecular docking, 
which typically allows for further relaxation, could ^ot fit 
compound a156 into hTS in a similar orientation as it adopts 
in LcTS (data not shown). 

Although the complex between LcTS and LAR20 
involved several residues that differed between the human 
and L. casei enzymes, MR20 lacked the steric conflicss with 
the humanized E. coli model that compound a155 had 
(Table 1). Moreover, compound MR20 had few interections 
with the “small domain" of LcTS. Both observatioas are 


Table 1 

Energies of inhibitors in three different binding modes in the “humanized” 
E. coli TS structure after rigid body minimization ` 
RMS (A)? 


Ligand Energy in E. coli 

site (kcal/mol)* 
PTH -17 2. 
al56 —7.6 4 
MR20 — 17 22 


* The structures of the LcTS complexes were RMS-fit on the 
“humanized” E. coli structure to orient compounds PTH, al56 and 
MR20 in the humanized E. coli structure. The positions of the irhibitors 
were then allowed to relax as rigid bodies to minimize their interaction 
energies with the protein. 

b The RMS distance from the initial fit positions to the final energy 
miminized positions. 


Table 2 
Rigid body minimized energies of inhibitors in three different binding 
modes 


Ligands ^ Score in the three binding sites (kcal/mol) 
Site of RMS Sieof RMS Siteof RMS 
PTH (° al56 (y  Mmo (ÀF 
PTH —254 0.93 -209 025 —184 198 
a156 —46 133 -267 013  .-141 1.68 
MR20 —183 09 —172 195 -174 160 


* RMS deviation from X-ray crystallographic configuration, or best fit 
onto that configuration using common atoms. 


consistent with the low specificity of compound MR20 for 
the bacterial vs. the human enzyme. Similar conclusions can 
be drawn for PTH, which can be well accommodated in the 
humanized EcTS binding site (Table 1). 


4.2. Binding of inhibitors to other inhibitors site 


In the calculations for LcTS, the question was whether 
compounds for which enzyme complex structures were 
available could fit well into the binding modes defined by 
the other two inhibitors. For instance, how well does PTH fit 
into the sites occupied by compounds a156 and MR20, and 
how well does compound a156 fit into the site occupied by 
compound MR20. The compounds were fitted into the three 
different orientations to match equivalent atoms. High- 
energy contacts were relaxed through rigid-body minimiza- 
tion keeping the conformation of the enzyme constant. 

PTH and a156 fitted best in their own crystal structures 
of TS, while MR20 fitted equally well in all three sites 
(Table 2). Compound a156 showed the highest specificity 
for its site, both energetically and in terms of displacement 
on rigid body minimization, and compound MR20 showed 
the lowest specificity. 


4.3. Molecular docking 


To investigate the problem more thoroughly, we docked 
the individual molecules into crystal structures of LcTS 
using the molecular docking program DOCK. 3.5 (Table 3) 
[11]. DOCK considers multiple orientations of a ligand in a 
site and is able to explore possibilities that might be missed 
by rigid-body energy minimizations. Docking led to orien- 
tations whose geometry corresponded more closely to the 
crystallographic result than did the rigid-body minimization 
calculations, but did not find geometries that were energeti- 
cally more favorable unless we allowed for large deviations 
from the canonical binding modes. Considering both energy 
and RMS deviation, PTH and compound MR20 showed 
little specificity for their own binding sites, whereas com- 
pound a156 could only be fitted into its own binding sites; it 
could not be fitted into the PTH or compound MR20 sites 
unless substantial deviation was allowed. 

In conclusion, modeling suggests that the crystallo- 
graphic structure of each molecule represents a unique 
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Table 3 
Molecular docking energies of inhibitors in three different binding modes 





Ligands Score in the three binding sites (kcal/mol) 
Siteof RMS  Siteof RMS Siteof RMS 
PTH (Å)  al56 Å  Mmo (ÀF 
PTH —212 0.27 —206 0.23 —200 155 
a156 25. 100 —267 010 —187 139 
MR20 —203 0.79 —70 1,35 —1L5 085 


* RMS deviation from X-ray crystallographic configuration, or best fit 
onto that configuration using common atoms. 


low energy binding orientation. Alternatively this family of 
molecules might bind to LcTS in several low energy.modes, 
of which the primary ones are represented by the three 
crystal structures. The theory of multiple binding modes is 
complex and cannot yet be completely interpreted by energy 
calculations, since the inherent errors are large. Therefore 


N(CH3)2 


dansyl hydrazine 
Ki LcTS 176 uM 





modeling studies have to be considered in light of muta- 
genesis and enzymology. 


5. Dansyl derivatives discovery 


In 1999, a new series of nonfolate analog inhibitors of 
LcTS were discovered through a combined approach of 
structure-based drug design and in parallel synthetic chem- 
istry [31,32]. This approach has the potential to discover new 
hits and new scaffolds rapidly for further chemical elabo- 
ration toward a specific biological profile [32]. DOCK 3.5 
was applied to screen the ACD (Available Chemicals Data- 
base) database for compounds that might bind to the binding 
site from the ternary complex LcTS-dUMP—CB3717. The 
aim was to identify nonfolate chemical structures, and partic- 
ularly those suitable for further rapid elaboration by parallel 
synthetic chemistry and solid phase methods [33]. 


N(CH3)2 
O-dansyl-L-tyrosine 


Ki LcTs 65 uM 


N,O-didansyl-L-tyrosine (DDT) 


Ki LcTS 1.4 uM 


Fig. 4. Evolution of the molecular structure of the dansyl derivatives. The fragments in black show the increasing molecular complexity that is related to the 
improved affinity for bacterial TS and improved specificity with respect to human TS. 


212 M.P. Costi et al. / Biochimica et Biophysica Acta 1587 (2002) 206—214 


Log IC50 











1 2 3 
Compounds 

Table 4 

Inhibitory activity data of dansyl derivatives towards LeTS. EcTS and hTS 
Compounds ICs, vs. LeTS ICs; vs. EcTS ICs, vs. hTS 
(1) Dansyl hydrazine — 458 1114 36 

(2) Dansvl tyrosine 163 1170 771 

(3) Didansyl tyrosine 3.4 5.0 119 





Their specificity profile is represented in the plot. the log ICsa is reported 
instead of the ICs. for clarity 


Four hundred molecules with the highest score were 
gleaned by this method and scored on the basis of the 
electrostatic and van der Waals (VdW) interaction energy 
with the enzyme, after correcting for ligand solvation 
[12,34]. On the basis of the DOCK score, and the number 
of specific interactions with the protein, five hits (ICs 


between 300 uM and 2 mM) were tested for their ability 
to inhibit LcTS. Among the selected molecules, dansyl 
hydrazine (ICs; 439 uM; K,= 176 uM) (Fig. 4) was a good 
starting point for synthetic elaboration. 

The predicted binding mode for dansyl hydrazine sug- 
gested that bulkier fragments attached to the dansyl scaffold 
could be accommodated in the enzyme pocket. Among the 
more interesting was dansyl tyrosine, with a somewhat 
better K, (=65 uM) than dansyl hydrazine (Fig. 4). The 
molecule bears both an ‘anchor site,” a functional group for 
linking the scaffold to the resin, and a diversity-derivatizable 
group (the carboxyl group and the amino group, respec- 
tively). Molecular diversity was introduced in the dansyl 
tyrosine molecule by synthesizing a series of analogs that 
carry different substituents on the amino group. A library of 
34 molecules was created using in-parallel solid phase 
synthesis. The best of the synthesized analogs, DDT, had 
a K, of 1.4 uM towards LcTS, while several others had K, 
values below 10 uM. These analogs (Fig. 4) are structurally 
dissimilar to either of the substrates but bind competitively 
with them. 


5.1. Docking of didansyltyrosine to L. casei TS 


Further calculations were performed to understand the 
molecular basis for DDT affinity: 500 multiple conforma- 
tions were generated by rotating all single, nonterminal 
bonds in increments of 120° [35]. Each conformer was 
independently docked and scored into the LcTS binding 





Fig. 5. Superimposition of the X-ray ternary complex EcTS - dUMP —DDT (green yellow) and the DOCK model of DDT (brown blue) with LcTS. The two 
molecules are reported in the same frame of reference to show the difference in the respective binding modes: DDT from the X-ray crystal structure is in the 


folded conformation and DDT from the DOCK model is orierted towards the entrance to the active site 
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site. In the best scoring orientation, the anchor dansyl ring 
forms nonpolar charge transfer interactions with the pyr- 
imidine ring of dUMP. 

Increasing the molecular complexity of the dansyl deriv- 
atives, the predicted binding mode is conserved, demon- 
strating the value of the incremental approach to design new 
hits. By adding fragments under computational control, a 
sensible gain in binding energy can be observed (from 
dansyl hydrazine to DDT, the K, is improved by 500-fold). 
The biological activity profile of the dansyl derivatives 
shows the same trend observed 1n the computational studies 
ın that increasing the molecular diversity led to rapid 
improvement of selectivity (Table 4). 


5.2. X-ray crystal structure of EcTS-DDT-dUMP 


The crystal structure of the ternary complex DDT- 
dUMP-EcTS was subsequently solved at 2.0 A resolution 
[36] (Fig. 5). The O-dansyl ring of DDT binds also to the 
site normally occupied by the quinazoline group of folate 
analogues, as predicted by our model for LcTS, though in a 
different orientation. It interacts more deeply in the binding 
site due to specific protein rearrangements (i.e., Arg23, 
Ala315, dUMP). These deep rearrangements avoid bad 
clashes with the inhibitor DDT and could not be predicted 
in our present calculations since the receptor was kept rigid. 
This underlines the failure of the rigid receptor hypothesis in 
drug design. 

In the ECTS X-ray structure, the tyrosine ring is oriented 
close to Phe228 and Leu224, in the area normally occupied 
by the PABA moiety. However, this region is now occupied 
by the combination of the phenyl ring and N-dansyl group 
of DDT. The phenyl ring and the N-dansyl group form 
favourable aromatic stacking interactions with each other 
and are sandwiched between the hydrophobic residues 
Leul72 and Ile79. Consequently, we encounter several 
protein rearrangements in this site, so that the enzyme could 
accommodate such a complex moiety (Leu224, Phe228, 
Tle81, Leu56, Lys259 are the residues most involved in 
protein rearrangements). 

The X-ray structure shows that DDT binds to EcTS m a 
conformation not predicted by molecular docking studies 
and one substantially different from other TS inhibitors. 
Binding of DDT is accompanied by large rearrangements of 
the protein that involve areas both near and far from the 
active site. Not surprisingly, the predicted model for DDT in 
LcTS and the crystallographic orientation of DDT in EcTS 
differ considerably from each other (Fig. 5). Moreover, the 
protein plasticity results in novel interactions of DDT with 
residues conserved in bacterial TS but not humanTS and 
which are hypothesized to account for DDT’s species 
specificity. 

The comparison between the binding mode that DDT 
displays with the two enzymes, LcTS and EcTS, underlies 
the fact that binding of a ligand by a protein is highly 
specific, often relymg on subtle changes between the 


structures of even closely related species of a protem, and 
in this case, closely related species of one of the most 
conserved of all enzymes, TS. 


6. Conclusions 


Structure-based drug design is a powerful technique, 
especially when combined with mutagenesis and species 
specific competition assays. Starting from early hits, it is 
possible to discover new scaffolds placing the immediate 
computational products alongside the structural analysis of 
the crystal/model of the complexes. In the present cases, two 
series of compounds were discovered and elaborated to 
develop a ~ 100-fold selective inhibitor for bacterial TSs 
vs. human TS. The naphthalein derivatives, after two cycles 
of design, synthesis and evaluation, have reached an 
advanced stage. The dansyl derivatives are being attractive 
probes for structural/functional studies and more efforts are 
directed to improve their biological activity profiles. 
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Abstract 


ZD9331 1s an antifolate drug that potently and specifically inhibits thymidylate synthase (TS). In contrast with TS inhibitors such as 
raltitrexed, 1t cannot be polyglutamated, leading to antitumour activity independent of folylpolyglutamyl synthetase (FPGS) activity The 
growth inhibition ICs» values for ZD9331 and raltitrexed were determined for a panel of 18 human tumour cell lines, that included six colon 
and six ovarian. The colon lines largely displayed overlapping sensitivities to both drugs with only one of the six lines being drug resistant In 
contrast, the ovanan cell lines displayed non-overlapping sensitivities with four being highly resistant to raltitrexed and only one was cross- 
resistant to ZD9331 Studies were undertaken to explain these results The colon and ovarian cell lines were characterised for TS activity, and 
TS and FPGS mRNA expression TS activity correlated with sensitivity to ZD9331 (r=0.50, p=0 097) and raltitrexed (r=0 74; p — 0.0063) 
Provided the data from the highly drug-resistant cell lines (BE and 41 M) were omitted, TS mRNA expression levels also correlated with 
ZD9331 (r=0.77, p=0.013) and raltitrexed ICs; (70.84; p=0 0031) FPGS mRNA expression correlated with higher sensitivity to 
raltitrexed relative to ZD9331 (higher ZD933 l/raltitrexed ICso ratios) (70.62; p=0 048) Similarly, cell lines with ICso ratios > median 
expressed a 1.8-fold higher median level of FPGS mRNA (p- 0 0087) compared with those with ratios < median. The four ovarian and one 
colon cell line that were relatively more sensitive to ZD9331 expressed FPGS mRNA x median (p=0 061). Thus, ZD9331 overcomes 
resistance to raltitrexed in ovarian tumour cell lines expressing low levels of FPGS. These data, and others demonstrating a lack of cross- 
resistance between cisplatin and ZD9331, support the clinical evaluation of ZD9331 in platnum-refractory ovarian cancer © 2002 Published 
by Elsevier Science B V. 


Keywords ZD9331, Raltitrexed, Thymidylate synthase, Folylpolyglutamyl synthetase; Ovarian cancer 





1. Introduction 


Thymidylate synthase (TS) is the rate-limiting enzyme in 
a key pathway leading to the synthesis of thymidine 
nucleotides and consequently 1s one of several enzymes 
expressed early in S-phase that regulate DNA synthesis, cell 
cycle progression and proliferation. Recent evidence sug- 
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fluorouracil, FAUMP, 5-fluorodeoxyuridine-2’-monophosphate 
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gests that TS is an RNA binding protein, putatively binding 
and regulating the translation of itself, p53, c-myc and other 
mRNAs of growth regulatory proteins [1]. The emerging 
importance of TS as part of a coordinated S-phase driving 
machinery may explain why drugs that have direct or 
indirect inhibition of this enzyme, as at least part of their 
mechanism of action, remain widely used in cancer medi- 
cine. These include the antifolate, methotrexate and the 
fluoropyrimidines (5-fluorouracil and its prodrugs). More 
recently, the highly specific antifolate inhibitor of TS, 
raltitrexed, a polyglutamatable drug has become clinically 
available for the treatment of advanced colorectal cancer 
[2,3]. Predictably, the differences in metabolism, target 
specificity and TS binding site interactions of these drugs 
leads to them possessing incompletely overlapping spectra 
of antitumour activity and toxic side effects. An under- 
standing of these differences led to the design and discovery 
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of the folate-based TS inhibitor, ZD9331 (TS K,=C4 nM) 
[4,5]. In many respects, it shares properties with ral 1trexed 
in that it is transported into cells via the reduced-folate 
carrier (RFC), binds to the folate-binding site of TS and 
does not inhibit other metabolic pathways. Hcwever, 
ZD9331 is not metabolised by folylpolyglutamy] syrthetase 
(FPGS) and in contrast with raltitrexed (polyglutamates), 
ZD9331 freely effluxes across the plasma membrane. Thus, 
it was predicted that ZD9331 would need to be admirastered 
in a more frequent dosing schedule than the 3-weekfy short 
infusion used for raltitrexed. However, clinical studies 
showed that TS inhibition recovered slowly after adminis- 
tration of ZD9331 and was attributed to a slow terminal 
phase of plasma clearance in humans. The schedule »rimar- 
ily being used for phase II evaluation ıs a short 1nfuzion on 
days 1 and 8 in a 3-weekly schedule [6]. 

Cell lines with increased TS expression through acquired 
resistance to TS inhibitors display cross-resistance to ralti- 
trexed and ZD9331 [7]. However, those expressimg low 
levels of FPGS are resistant to raltitrexed but mot to 
ZD933]. This implies that TS and FPGS gene expressions 
will determine intrinsic sensitivity to these drugs in. exper- 
imental and clinical settings. Indeed, in a small advanced 
colorectal cancer study, it was shown that low TS nRNA 
levels in metastatic tumour biopsies significantly predicts 
for increased response and survival to raltitrexed [8 - 

In this present study, we have used a panel of 18 human 
tumour cell lines (not previously exposed to antifolztes) to 
evaluate the relative activity of ZD9331 and ralt#rexed. 
Tumour types represented are ovarian, colon, lung, meso- 
thelioma and vulvular. The study focuses on some molec- 
ular determinants of response to raltitrexed and ZDC331 in 
the six ovarian and six colon cell lines because they 
represent tumour types relatively clinically resistant and 
sensitive to raltitrexed, respectively. The response rate ın 
platinum-refractory ovarian cancer was ~ 7% while first- 
line treatment in colorectal cancer patients was ~ 2C% [9]. 
Across the whole cell line panel, these drugs displayed 
incompletely overlapping spectra of antitumour activity. 
Interestingly, ZD9331 overcame resistance to raltitrexed in 
ovarian cell lines expressing low FPGS mRNA. Taken 
together, these data predict that ZD9331 may have zreater 
clinical activity than raltitrexed in this tumour type. Fur- 
thermore, we have demonstrated that ZD9331 and cisplatin, 
the commonly used first-line of treatment for cvarian 
cancer, are non-cross-resistant in the ovarian tumour cell 
lines. 


2. Experimental procedures 
2.1. Cell lines, media and drugs 
Colon tumour cell lines HT29, SW620, SW480, Mawi, 


BE and LoVo were obtained from stocks held at the Irstitute 
of Cancer Research, UK. The biological details >f the 


ovarian cell lines have been described previously [10,11]. 
Two of the ovarian cell lines had been obtained from 
patients previously treated with cytotoxic drugs: platinum- 
based drugs (CH1 and PXN94), thiotepa (SKOV-3). All cell 
lines were grown as adherent monolayers in DMEM 
medium (Gibco, Paisley, Scotland) plus 10% (v/v) dialysed 
foetal calf serum (ICN Flow, Thames, Oxfordshire, UK), 50 
ug/ml gentamicin, 2.5 ug/ml amphotericin B, 2 mM gluta- 
mine (all from Gibco), 5.5 ug/ml insulin and 0.44 ug/ml 
hydrocortisone in a 10% CO , 90% air atmosphere. All cell 
lines were negative for mycoplasma as measured by the 
Strategen PCR kit (Cambridge, UK). 

RTX and VDX were obtained from AstraZeneca, PLC 
and cisplatin (CDDP) was obtained from Sigma-Aldrich 
(Poole, Dorset, UK). The antifolates were dissolved in 0.15 
M NaHCO; (stored at — 20 °C for up to 3 months) at 10 
mM and CDDP in saline at 2 mM. Dilutions were in 
unsupplemented medium. 


2.2. Growth inhibition assays 


Single cells (harvested after trypsinisation of a ~ 70% 
confluent flask) were seeded at 1 to 3 X 10° cells/well (in 
160 ul) into 96-well plates. After overnight incubation to 
allow attachment, drug dilutions (40 pl) were added at 
various concentrations in quadruplicate wells. After incuba- 
tion for 96—120 h (three to four population doublings) 
growth inhibition was then assessed using an MTT assay 
as a surrogate end-point of viability as described previously 
[12,13]. The ICso was defined as the concentration of 
compound required to inhibit cell growth/reduce absorbance 
at 540 nm by 50%. 


23 TS activity measurements 


The rate of [?H];0 release from 5-['H]dUMP was meas- 
ured in freshly prepared supernatants from each cell line as 
described previously [7,14]. The results are expressed as 
nmol product formed/h/mg protein. 


2.4. TS and FPGS mRNA expression by Northern blotting 


RNA. was extracted from exponentially growing cells 
using guinidinium isothiocyanate and separated through a 
cesium chloride gradient [15]. RNA concentrations were 
determined spectrophotometrically. RNA samples were sep- 
arated on 1.296 formaldehyde gels and transferred to 
Hybond N nylon membranes by capillary transfer. The 
human FPGS probe was a full-length cDNA EcoR1 restric- 
tion of pTZ18U-hFPGS plasmid [16]. The TS probe was a 
750-bp Pst1 fragment of the mouse TS cDNA from pMTS-3 
plasmid [17]. The GAPDH probe was a 1.3-kb Pst1 restric- 
tion fragment of a rat cDNA. Probes were random prime 
labelled using a commercial kit (Amersham Pharmacia, 
UK). Hybridization, washing, visualisation and quantifica- 
tion were as previously described [18]. 
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Two sets of RNA were prepared from each of the six 
ovarian cell line and each set subjected to Northern blotting 
four times. Each blot included all six ovarian cell lies and 
also a lane loaded with RNA from the HT29 colon cell line 
as a reference. Following phosphoimaging, the bands for 
TS, FPGS and GAPDH for each cell line were expressed as 
the percentage of the total sum above background (this 
allows for any differences in exposure times for one or more 
of the RNA species of interest between experiments). TS 
and FPGS for each cell line in each blot were then expressed 
relative to GAPDH (to accommodate any differences in 
loading). The results are expressed as the mean of each set 
of RNA which in turn is expressed relative to the mean 
value for HT29. This allowed the results to be compared 
with those for the colon tumour cell lines that were 
determined separately from the ovarian tumour cell lines. 
For the colon lines, each blot included RNA from all six cell 
lines. One set of RNA was subjected to Northern blotting 
four times and the second set three times. The mean of 
results of each set was expressed relative to HT29 as 
described above. 


2.5. Statistical analyses 


The non-parametric Spearman correlation was used to 
quantitate the degree of linear association between two 
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variables (GraphPad Instat). Linear regression was used to 
fit a line to data not containing significant outliers (Graph- 
Pad Pnsm). The non-parametric Mann—Witney test was 
used to test whether variables differed between two subsets 
of a group. 

In some cases the subsets were separated with respect to 
their position above or below the median for the group. 
Some data were anlysed by a 2 X 2 contingency table 
(Fischers exact test; GraphPad Prism). 


3. Results 


3.1. Sensitivity of 18 human tumour cell lines to ZD9331 
and raltitrexed 


The 18 human tumour cell lines displayed a wide range 
of sensitivities to raltitrexed and ZD9331. A correlation was 
observed between the ICs) for the two drugs (r=0.72; 
p7 0.0007) although there were a significant number of 
outliers illustrated by a weak linear correlation (77 —0.27; 
p=0.026; data not shown). The log ICsos for raltitrexed and 
ZD9331 were calculated for all cell lines and the medians 
generated for each drug. These medians were subtracted 
from the individual log ICsos and presented as difference 
median plots for each drug in Fig. 1. This gives broad 
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Fig. 1 Difference median plots for ZD9331 and raltitrexed in 18 human tumour cell lines The IC5o data for ZD9331 and raltitrexed were log-transformed and 
medians derived for each drug. The plot was generated by subtracting the medians from the individual ICsos 
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Fig. 2. Difference median plots for relative sensitivity to ZD9331 znd raltitrexed in 18 human tumour cell lines The ratios of the ICs; ZD933 1/ICso raltitrexed 
were log-transformed and the median subtracted. 


patterns of activity of the two drugs with positive values lines in the National Cancer Institute (NCT) panel and 





representing relative resistance and negative values repre- therefore values falling slightly on either side of the median 
senting relative sensitivity. The median is generated from a should not be over-interpreted in terms of relative sensitiv- 
relatively low number of cell lines compared with the 60 ities. The BE colon cell line was highly resistant to both 
Table 1 
Growth inhibition and target expression in human ovarian and ccn tumour cell lines 
Histological Growth inhibition IC5o (u1)* ZD9331 ICso/ TS activity mRNA relative to GAPDH 
tumour type 7D9331 Raltitrexed raltttrexed IC 59 (nmol/h/mg protem)? (normalised to HT29 
TS FPGS 
SKOV3 ovarian 0.098 0.023 43 2.6 25 12 
HX62 ovarian 0.024 0.0C19 49 8 15 0 49 
PXN94 ovarian 0.081 0.02 25 13 26 0.57 
CHI ovarian 0 068 0017 40 19 26 0.71 
A2780 ovarian 0.068 J 002 3.1 16 2.6 0.44 
41M ovarian 15 003 385 8 0.88 071 
Median ovarian 0075 0.02 4.5 11 26 064 
HT29 colon 0.036 0.0089 19 25 10 10 
SW620 colon 0.031 0.0020 16 6.6 11 080 
LoVo colon 0.023 0.0023 10 2.3 08 044 
SW480 colon 0.051 0.0021 24 7.1 1.2 0.64 
MaWi colon 0 042 0.0025 17 2.9 13 0.91 
BE colon ~ 10 ~ 10 - 14 085 0.53 
Median colon 0.039 0.00°2 17 4.8 1.14 072 
Median colon+ ovarian 0.06 0.0037 _ 76 12 068 
Median —BE 0.051 0.0045 15 7i 13 071 


* Mean of 3 to 6 separate experiments. 

> Mean of 5 to 10 separate experiments. 

° TS/GAPDH or FPGS/GAPDH ratios for each cell line are expressed relative to the HT29/GAPDH ratio 
4 Significantly different from ovarian (p<0.05). 
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Table 2 
Relationship between growth mhibition and target expression 1n colon and 
ovarian human tumour cell lines 


TS activity mRNA 
TS FPGS 


ZD9331 ICs; all cell lines r=050 r=017 r=0.17 
p=007  p-060 = p= 0.60 
~ BE r=0.46 r-041* r=0.26 
p=0.16 p=0.20 p=0.45 
Raltitrexed ICso all cell hnes r=0.74 r=0.1 r-—045 
p=0.0063  p-—0.63 p=0.14 
-BE r=0.72 r=044  r=—0.43 
p=0.014 p=018 p=0.19 
ZD9331/ —BE =—053  r-—061 r=0.62 
raltitrexed ICso* p^0.004 p=0.052 p=0.048 


The non-parametric Spearman correlation was used to quantitate the degree 
of linear association between two variables. TS mRNA vs FPGS mRNA: 
r=0,042, p=0.90. 

* Removal of 41 M gives r=0.77, p=0.013. 

> Removal of 41 M gives r=0 84; p=0.0031 

° No ratio can be generated for the BE cell line 


drugs while data for the other five colon lines clustered 
close to the median (Fig. 1). In contrast, four of the six 
ovarian lines (PXN94, CH1, A2780 and 41 M) were 
resistant to raltitrexed while only one (41 M) was resistant 
to ZD9331. The four lung cell lines in the panel generally 
displayed high sensitivity to raltitrexed and particularly to 
ZD9331. 

More information regarding the mechanisms underlying 
the different patterns of drug activity is gained by presenting 
the data as the ratio of the ICsg of ZD9331 to the ICs; of 
raltifrexed for each cell line. These ratios were log-trans- 
formed and the median subtracted and are presented in Fig. 
2. Four of the five colon cell lines were relatively more 
sensitive to raltitrexed, while two of the four lung and four 
of the six ovarian cell lines were relatively more sensitive to 
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Fig. 3. Relationship between FPGS mRNA expression and relative 
sensitivity to raltitrexed compared with ZD9331 FPGS/GAPDH mRNA 
(relative to HT29) is plotted against the ratio of the ZD9331 ICso/raltitrexed 
ICso for each cell line. A ratio could not be generated for BE (Cs for both 
cell lines >10 uM) 


ZD9331. The ovarian panel displayed the largest range of 
relative sensitivities, with PXN94, A2780, CH1 and HX62 
being markedly more sensitive to ZD9331 than raltitrexed. 
In contrast, the SKOV3 and 41 M cell lines were relatively 
more sensitive to raltitrexed than ZD9331. 


3.2. TS activity, TS mRNA and FPGS mRNA in 12 human 
ovarian and colon tumour cell lines 


The 12 colon and ovarian cell lines displayed a 3.3-fold 
variation in TS mRNA levels and an 8-fold variation in TS 
activity (Table 1). A relationship was found between TS 
mRNA and TS activity that was not quite statistically 
significant (r—0.45, p=0.072; data not shown). This was 
largely because two cell lines, SKOV3 and BE had dis- 
cordant values, with TS activity low relative to the mRNA 
level for SKOV3 and vice versa for BE. If these cell lines 
were excluded from the dataset, the correlation became 
significant (r=0.80; p —0.0072) (data not shown). FPGS 
mRNA expression varied 2.7-fold among the 12 colon and 
ovarian cell lines. There was no relationship between FPGS 
and TS mRNA expression. 

The median TS activity level was 2.3-fold higher 1n the 
ovarian cell line panel compared with the colon cell line 
panel that was not quite statistically significant (11 and 4.8 
pmol/h/mg protein, respectively; p = 0.093). However, there 
was 2.4-fold higher median TS mRNA. expression m the 
ovarian compared with the colon panel (median —2.6 and 
1.1, respectively; p —0.026) (Table 1). Median FPGS 
mRNA levels were lower in the ovarian panel than the 
colon panel (0.64 and 0.72, respectively) but this difference 
was not statistically different. 


Table 3 
Target expressions stratified for growth inhibition in colon and ovarian 
tumour cell lines 


Inhibition of TS mRNA 
cell growth activity Fo upne 
(IC) TS FPGS 
ZD9331 allcell «median 4.8 12 0.72 
ICsoglCso — lhnes — > median 14 26 0.64 
p=0.026 p=0.24 p=0.82 
—BE <median 4.8 12 072 
> median 13 2.6 071 
p=0052 p=0082° p=093 
Raltitrexed all cell < median 2.8 1.2 0 86 
ICso hnes >median 14 2.1 055 
p=0.0022 p=031 p=0.093 
—BE <median 2.8 12 0.86 
> median 13 26 057 
p=0.0043 p-013* p=0.13 
ZD933l/ —BE <median 13 26 0.49 
RTX ICs? »medan 48 12 0.86 
p=0.13 p=018 p=0.0087 


The non-parametric Mann— Whitney test was used to test whether the 
variables differed between ICso values above or below the median 

= p=0.032 if 41 M cell Ime data omitted. 

> Cannot be generated for the BE cell line. 
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p = 0.0087 (Mann-Witney) 
p = 0.061 (Fischers exact test) 
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Fig 4 FPGS mRNA expression stratified for cell line relative. drug 
sensitivity FPGS/GAPDH mRNA (relative to HT29) 1s stratified for cell 
Imes with ZD9331 ICsyraltitrexed ICso ratios above and below the median. 
O=ovarian; C=colon No ratto could be generated for BE 


3 3. Determinants of sensitivity—statistical analyses 


The relationships between cell line sensitivity to the 
drugs and target expression profiles are given in Table 2. 
TS activity for all cell lines correlated with raltitrexed ICsos 
(r=0.74; p=0.0063) but not quite significantly with 
ZD9331 ICsos (r=0.50; p 70.097). TS mRNA expression 
did not correlate with sensitivity to either drug unless the 
data for the two highly drug resistant BE and 41 M cell Ines 


were omitted (raltitrexed, r=0.84, p=0.0031; ZD9331, 
r= 0.77, p 0.013). 

There was an inverse relationship between FPGS mRNA 
expression and raltitrexed ICsos but this was not statistically 
significant (r= —0.45; p=0.14). However, a significant 
correlation (r=0.62; p —0.048) was found between FPGS 
mRNA expression and the relative ZD9331/raltitrexed ICso 
ratios, i.e. increasingly high levels of FPGS expression are 
associated with increasing sensitivity to raltitrexed relative 
to ZD9331 (Fig. 3). 

Table 3 stratifies drug sensitivities (ICsos) above and 
below their respective medians and then compares the gene 
expressions/activity for each group. Cell lines with higher 
sensitivity to ZD9331 or raltitrexed (ICs; < median) dis- 
played a significantly lower (p «0.05) median TS activity 
level (3- and 5-fold, respectively). Those with raltitrexed 
ICs; < median expressed a 1.6-fold higher median FPGS 
mRNA level (p=0.093). However, those with ZD9331/ 
raltitrexed ICso ratios < median expressed a 1.8-fold lower 
median level of FPGS (p^ 0.0087) compared with those 
with ratios>median. These data, which is shown graphically 
in Fig. 4, are consistent with FPGS mRNA expression being 
a determinant of cell line sensitivity to raltitrexed relative to 
ZD9331. The five cell lines relatively more sensitive to 
ZD9331, which included four ovarian, had FPGS mRNA 
levels <to the median. Only two of the six cell lines 
relatively more sensitive to raltitrexed (one ovarian and 
one colon) had FPGS mRNA levels < median (p=0.061, 
Fischers exact test). 


Ili cisplatin (median ICs, = 1.42uM) 
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Fig. 5 Difference median plots for ZD9331 and cisplatin in six human ovarian tumour cell [mes The ICso data for ZD9331 and cisplatin were log-transformed 
and medians derived for each drug The plot was generated by subtracting the medians from the individual ICsgs. 
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3.4. Relative sensitivity of the ovarian cell line panel to 
ZD9331 and cis-platinum 


The relative sensitivity of ZD9331 was compared with 
that of published data for cisplatin from these laboratories. 
Three cell lines (CH1, A2780 and 41 M) are platinum- 
sensitive (IC5os 0.1—0.3 uM), and three (SKOV3, HX62 
and PXN94) are relatively platinum-resistant (ICsos 3—13 
uM). In contrast, the 41 M cell line is highly resistant to 
ZD9331 and the others, particularly the HX62, are highly 
sensitive to ZD9331. Thus, no cross-resistance is observed 
between these two drugs (Fig. 5). 


4. Conclusions and perspectives 
4.1. Cell line sensitivity to raltitrexed and ZD9331 


Different classes of TS inhibitors have been developed 
in recent years, each with different cellular pharmacology 
and specificity for the enzyme. Although drug-resistant cell 
lines (usually with high levels of in vitro acquired resist- 
ance) have been useful in describing the different patterns 
of activity of these drugs, they do not necessarily reflect 
patterns of resistance in vivo. Thus, it can be more relevant 
to use intrinsically resistant lines, or lines developed from 
patients resistant to chemotherapy, to evaluate tumour 
sensitivity. However, predicting clinical sensitivity to new 
agents by extrapolation from in vitro cell lines is difficult. 
The problem has been addressed, in part, by the use of 
panels of human tumour cell lines (such as the NCI in vitro 
cell line panel), with several representatives from each of a 
number of tumour types [19]. This allows the assessment 
of the relative sensitivity of tumour types to given agents, 
by expressing activity relative to a mean or median for all 
the cell lines, and the sensitivity of individual cell lines 
within that panel. This information can also be used in the 
context of gene expression patterns to tease out potential 
determinants of sensitivity and resistance to anticancer 
agents. This type of approach has been applied in this 
present study and has provided a rationale for the clinical 
development of ZD9331 in solid tumours such as ovarian 
cancer. 

This study has focused primarily on colon and ovarian 
tumours although other cell lines have been included in 
order to derive a more representative median growth 
inhibition ICso value. Five of the six colon tumour cell 
lines were uniformly sensitive to raltitrexed while only two 
of the six ovarian tumour cell lines displayed a similer level 
of sensitivity. Thus, the cell line panel broadly reflects the 
clinical sensitivity and resistance to raltitrexed in clinical 
colon and ovarian cancer [9]. Interestingly, ZD9331 was 
more broadly active than raltitrexed and overcame resist- 
ance to raltitrexed in three of four highly raltitrexed- 
resistant ovarian cell lines (PXN94, CH1 and A2780). A 
further cell line, HX62, was also relatively more sensitive 


to ZD9331 than raltitrexed. Although the number of cell 
lines evaluated was small, the data suggests that ZD9331 
may have greater clinical activity than raltitrexed in ovarian 
cancer. 


4.2. Molecular determinants of sensitivity to TS inhibitors 


In order to explore the molecular basis for the differences 
observed in sensitivity to the raltitrexed and ZD9331, TS 
and FPGS gene expressions were measured in the colon and 
ovarian cell lines. Despite the small number of cell lines 
examined, a number of correlations were observed, some of 
which attained significance at the 9596 confidence level. 
The activity of the target, TS, significantly correlated with 
sensitivity to raltitrexed in all of the 12 colon and ovarian 
cell lines (p=0.0063), which is in contrast with reported 
data for 13 colon tumour cell lines [20]. TS activity 
correlated with ZD9331 sensitivity (p= 0.097). Our data 
are broadly consistent with a report that TS activity is 
related to Nolatrexed sensitivity in colon and leukaemia 
cell provided that the data for three cell lines were omitted 
[21]. A difference between these reports and our data may 
relate to the method of calculation of the activity measure- 


ments. We have normalised data to protein concentration 


rather than cell number. This may account for the very 
different ranking of cell lines common to this report and that 
of Estlin et al. [21]. Normalising to protein content may also 
explain our better relationship between TS activity and 
mRNA expression. However, the number of cell lines 
included in both of these studies 1s small, and consequently, 
outliers often markedly reduced the significance of the 
correlations. Recently, Grem et al. [19] performed a similar 
correlation across most of the NCI 60 human tumour cell 
line panel. They reported only a weak to moderate correla- 
tion between TS protein and TS mRNA (r- 0.45). 

TS mRNA did not correlate with sensitivity to ZD9331 
and raltitrexed. However, if the data for the highly resistant 
4] M and BE cell lines were omitted, significance was 
attained. Those cell lines that displayed ZD9331 or ralti- 
trexed ICsos higher than the median had a 2-fold higher 
median TS mRNA level that was statistically significant if 
the data for the highly drug resistant 41 M and BE cell lines 
were omitted. These data are consistent with clinical reports 
that TSmRNA expression predicts for response and survival 
to 5-FU or raltitrexed [8,22]. 

Possible explanations for the failure of TS expression to 
correlate with sensitivity to 5-FU or 5-fluorodeoxyuridine 
(5-FdUrd) in the NCI human tumour panel are given by 
Grem et al. [19]. They include the short duration of the 
assay (48 h) relative to the median cell doubling time of 34 
h (18—38 h) with the general failure to induce cytotoxicity. 
This may explain why the median 96 h ICsos of 5-FdUrd in 
our panel of six colon tumour cell lines was 0.008 uM 
compared with a GIso of 1.2 uM for the six colon cell lines 
in the NCI panel. Two cell line examples common to both 
panels are the SW620 and HT29 in which we reported ICs 
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values of 0.007 and 0.0067 uM for 5-FdUrd [2], whereas the 
NCI reported Glsos of 23 and 0.75 uM, respectively. 
Furthermore, we use MTT as a surrogate end-point of 
growth inhibition as we have found this a more reliable 
end-point for TS inhibitors than SRB (used by the NCI and 
others). TS inhibition induces megaloblastosis and leads to 
an increase in total protein content, that 1s detectable until 
lethality and cell loss has occurred. A consequence can be 
shallow dose—response curves and high ICsos. Grem et al. 
[19] argued that the high dThd concentration in the medium 
did not contribute to the lack of correlation between 
fluoropyrimidine sensitivity and TS expression because 
the concentration is lower than that often reported to reverse 
TS inhibition. However, it is important to note that in vitro, 
dThd is high at the time of drug addition and then decreases 
largely as a function of proliferation rate as it becomes 
depleted through its mcorporation mto DNA [23]. Thus, 
plating density and the rate of DNA synthesis (related to cell 
doubling -times) determine how rapidly dThd falls to a 
concentration that will not protect cells from TS inhibition. 
This may explain why, in contrast with 5-FdUrd, the median 
5-FU Glg in the NCI colon panel (6.3 uM) is very similar to 
our own ICso value of 4.7 uM. The mechanism af action of 
5-FU partly relates to its RNA-directed effects and would 
therefore be less affected by the dThd in the medium. 

FPGS is the enzyme responsible for catalysing the 
formation of the active raltitrexed polyglutamates, and in 
this study, FPGS mRNA levels did not correlate with 
sensitivity to raltitrexed. This may be due, at least in part, 
to post-translational regulation of this enzyme [24]. How- 
ever, Van Triest et al. [20] measured FPGS activity in a 
panel of 13 non-selected colon cell lines and did not find a 
positive correlation with sensitivity to raltitrexed. Never- 
theless, FPGS activity is itself a fairly crude assay in that it 
only measures mono to diglutamate formation and does not 
necessarily predict for the formation of the important long 
chain-length polyglutamates of raltitrexed. Data not pre- 
sented showed a significant correlation between FPGS 
mRNA and raltitrexed (polyglutamate) accumulation in 11 
of the 12 cell lines after 24 h exposure to 0.1 uM PH]- 
raltitrexed (r=0.75; p= 0.0049). Data from the HX62 was 
excluded from the analyses because of the discordantly high 
raltitrexed uptake relative to its FPGS mRNA expression. 
However, no correlation was seen between drug accumu- 
lation and raltitrexed sensitivity. 

These data are consistent with other reports that suggest 
that the measurement of a single gene expression, activity or 
drug concentration in small numbers of cell lines do not 
provide highly significant statistical correlations with drug 
sensitivity. Furthermore, the fact that correlations are gen- 
erally weak reinforces the belief that drug sensitivity is 
multifactorial and will rarely be attributable to expression of 
a single gene. Hence, expression of components of down- 
stream pathways including the uracil-DNA misincorpora- 
tion pathway and those driving survival and apoptosis may 
be significant. This is supported by data from experimental 


cell lines, including those transfected with dUTPase or bcl- 
2, that are less sensitive to raltitrexed and ZD9331 [25,26]. 


43 Rationale for the use of ZD9331 in ovarian cancer 


The primary purpose of the gene expression measure- 
ments was to explain the relative sensitivity of the ovarian 
cell lines to ZD9331 compared with raltitrexed and therefore 
to provide a rationale for the clinical evaluation in this 
disease. We rationalised that downstream gene expressions 
that may impact on sensitivity would commonly affect both 
drugs, and therefore ZD9331/raltitrexed ICso ratios may 
correlate with FPGS expression or raltitrexed polyglutamate 
formation. Indeed, a significant correlation with FPGS 
mRNA expression was observed. However, there was also 
a trend towards an inverse relationship between the ICs 
ratio and TS activity or TS mRNA suggesting that cell lines 
with high TS were relatively more sensitive to ZD9331 than 
raltitrexed. Similar observations were made when relative 
drug sensitivity was stratified above and below the median 
and correlated with gene expressions. Furthermore, the four 
ovarian cell lines (HX62, PXN94, CH1 and A2780) and the 
one colon line (LoVo) that were relatively less sensitive to 
raltitrexed than ZD9331, expressed FPGS mRNA lev- 
els x median (p=0.061; Fischers exact test). 

An important conclusion from the study is that ZD9331 
largely overcomes resistance to raltitrexed in ovarian tumour 
cell lines expressing low FPGS mRNA, and may also 
overcome resistance due to small elevations in TS expres- 
sion. Recently, we reported higher TS mRNA and lower 
FPGS mRNA (median=9.4 and 6.2 x 10° relative to B- 
actin, respectively) in 42 ovarian tumours compared with 20 
metastatic colon tumours (median = 5.6 and 26 x 10° rela- 
tive to B-actin, respectively, p < 0.05) [8,27]. Taken together, 
these data may explain the low clinical response rate to 
raltitrexed in ovarian cancer, and predict for increased 
sensitivity to ZD9331. Furthermore, the lack of cross- 
resistance between cisplatin and ZD9331 m the ovarian cell 
line panel supports the further clinical evaluation of ZD9331 
in platinum-refractory ovarian cancer. Finally, a relevant 
observation reported elsewhere by ourselves, is that ZD9331 
can be alternatively transported into tumours via the a-folate 
receptor (a-FR) and has high activity in w-FR overexpress- 
ing cell lines [28]. However, this activity is not observed in 
cell lines grown in commercial media that contain supra- 
physiological concentrations of folic acid. Thus, the 
ZD9331 sensitivity described herein cannot be attributed 
to a-FR mediated uptake. Approximately, 90% of ovarian 
tumour specimens overexpress this receptor [29] and we 
predict that this will contribute to ZD9331 clinical activity 
In ovarian cancer. 

In summary, experimental data supports the clinical 
evaluation of ZD9331 in platinum-refractory ovarian cancer. 
Potential molecular predictors of response are TS and a-FR 
and we recommend incorporation of these markers into 
further ovarian cancer clinical studies. 
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Abstract 


In our search for natural products with a broad spectrurr. of antifungal activity as lead compounds for novel treatments for mycoses, we 
have isolated echinocandin-type lipopeptide FR901379 ard hpopeptidolactone FR901469, as novel water-soluble antifungal agents that 
inhibit the synthesis of 1,3-g-glucan, a key component of the fungal cell wall. Since the cell wall ıs a feature unique to fungi and is not 
present in nonfungal eukaryotic cells, inhibitors of the syrthesis of fungal cell wall components such as 1,3-p-glucan have potential for 
selective toxicity to fungi and not to the host. In this short review, we describe efforts directed at synthetic modification of FR901469 and 
FR901379 with the ultimate goal of identifying new entities with suitable profiles as development candidate compounds. The main thrust of 
our work to date has been replacement of the highly flex ble lipophilic side chains of the natural products with a view to reducing the 
hemolytic potential associated with these compounds, and tc enhance chemical stability and/or in vivo antifungal efficacy. As a result of these 
efforts, we recently discovered a novel analog, FK463 (micafungm). Micafungin 1s currently in phase III clinical trials worldwide as a 
parenteral agent for various mycoses, and a new drug application (NDA) was recently filed in Japan © 2002 Elsevier Science B.V All rights 


reserved. 
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1. Introduction 


Fungal diseases in humans can be classified irto (a) 
allergic reactions to fungal proteins, (b) toxic reactions to 
toxins present in certain fungi and (c) infections (mycoses). 
By far the most serious and difficult to diagnose anc treat, 
mycoses come in many forms. Otherwise healthy irdivid- 
uals are susceptible to a host of superficial, cutaneous, 


Abbreviations MIC, minimum inhibitory concentration; IC-o, 50% 
imhibitory concentration, EDso, 50% effective dose; NDA, new drug 
application, HIV, human immunodeficiency virus, MLC, minimcm lytic 
concentration, BOC, tert-butoxycarbonyl; SCID Mouse, severe ccmbined 
immunodeficient mouse, PCP, Pneumocystis carinu-associated pneimonta; 
Amp-B, amphotericin B; ITCZ, itraconazole; CFU, colony formirg units; 
FLCZ, fluconazole; AcOH, acetic acid, MeOH, methanol, THF, tetrahy- 
drofuran, EtOAc, ethyl acetate; DMF, N,N-dimethylformamid:; TFA, 
trifluoroacetic Acid, HOBT, 1-hydroxybenzotriazole, WSCD HCI, 1- 
ethyl-3-dimethylaminopropylcarbodumide hydrochlonde, EtN'Pr. duso- 
propylethylamine, LiOH, lithium hydroxide; Z, benzyloxycarbonyl. MTPA, 
a-methoxy-a-(trifluoromethyl)phenylacetic acid 

* Tel: +81-6-6390-1285, fax +81-6-6304-5435 

E-mail address david_barrett@po.fujisawa.co Jp (D Barrett) 





subcutaneous, and in certain instances, systemic infections 
that cause a variety of conditions ranging from Athletes foot 
and nail infections to severe life-threatening disseminated 
disease (e.g. histoplasmosis). On the other hand, immuno- 
compromised individuals are susceptible to a large number 
of opportunistic systemic mycoses, resulting from the 
inability of host immune response to fight off attack from 
normally benign environmental fungal pathogens. Indeed, 
the last 20 years has witnessed a remarkable increase in the 
incidence of deep-seated, disseminated mycoses [1]. The 
reasons are manifold; however, the advent of aggressive 
cancer chemotherapy, highly effective immunosuppressants 
for organ transplantation, widespread use of powerful broad 
spectrum antibacterial agents and the explosion in the 
number of cases of human immunodeficiency virus (HIV) 
infection have all contributed to the increase in life-threat- 
ening fungal disease [2]. Furthermore, ongoing demo- 
graphic trends would tend to strongly suggest that the 
number of fungal infections will continue to increase due to 
the aging of the population in developed countries [3]. 
Whilst difficulty in diagnosis of fungal infections and 
delays in initiation of treatment are important factors, drugs 
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for effective treatment of these emerging infections are in 
short supply, thereby contributing to a high mortality rate. 
Available drugs are essentially limited to the polyene natural 
product amphotericin B [4,5] and various newer lipid 
formulations [6], the azole compounds such as fluconazole 
and itraconazole, and flucytosine (5-fluorocytosine) (Fig. 1). 
These established agents suffer from a number of limitations 
that can render their use difficult; for example, dose-limiting 
nephrotoxicity associated with amphotericin B, rapid devel- 
opment of resistance with flucytosine, drug—drug interac- 
tions, fungistatic mode of action and resistance development 
with the azoles. There is thus an urgent need for new 
antifungals with a broad, fungicidal spectrum of action, 
and with fewer dose-limiting side effects [7,8]. Whilst a 
number of lipid-based formulations of amphotericin B have 


been shown to be effective in ameliorating the toxic liabil- 
ities associated with this agent, and a number of new azoles 
are in the final stages of clinical development, the funda- 
mental problems described above remain. Accordingly, it is 
particularly imperative that we bring agents to the clinic that 
have new mechanisms of action and have good, broad- 
spectrum, cidal antifungal activity. 


2. Natural product screening: novel antifungal agents 


As a part of our efforts to discover new compounds with 
potential as lead compounds for optimization studies lead- 
ing to novel antifungal candidates, we first must answer a 
simple key question: how do we identify and select a lead 
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compound for further study? This is an important question 
as it is clearly critical that any potential compound must 
meet a number of criteria, otherwise the chances of ultimate 
success will not be high. The questions that we ask when 
selecting compounds for further investigation are as follows: 
(1) Is the compound structurally novel? (2) Is the mecha- 
nism of action novel and/or potentially useful? (3) Is m- 
trinsic biological activity good? (4) Is clinical proof of con- 
cept possible? (5) Is chemical modification/optimization of 
the structure possible? It has become clear over a number of 
years that all of these questions are critical and impact 
greatly upon the chances of final success. 

Since natural products have been proven to be an excel- 
lent source of novel chemical entities, we have employed 
screening of microbial extracts in our search for compounds 
that match the criteria discussed above, and have disclosed a 
number of structurally unique biologically active materials. 
In the course of screening for novel antifungal antibiotics, 
Fujisawa scientists have previously described the isolation of 
antifungals such as chryscandin [9], chaetiacandin [10], 
pyrrolnitrm [11], FR900848 [12] and FR109615 [13,14] 
(Fig. 2). Whilst pyrrolnitrin is marketed in Japan for topical 
indications, the other natural products had various limitations 
in terms of spectrum of in vitro activity, in vivo activity, 
water-solubility, lack of success in the chemical modification 
studies, mechanism of action limitations and potential for 
resistance development. 

More recently, we have been engaged in the search for 
water-soluble inhibitors of fungal 1,3-B-p-glucan synthase 
[15], an enzyme critical to the synthesis of 1,3-B-p-glucan, a 
major component of the cell wall of a number of key 
pathogenic fungii [16]. The fungal cell wall is an attractive 
target for the discovery of new antifungal agents [17], 
primarily because it is essential for the viability of fungal 
cells, and also because the fungal cell wall has no counterpart 
in mammalian cells. Accordingly, compounds that selec- 
tively target the biosynthesis of key components ofthe fungal 
cell wall have potential to be nontoxic to mammalian hosts. 

As a result of our continuous screening of microbial 
extracts, we have discovered two unique, water-soluble 
antifungals that express their activity by inhibition of the 
synthesis of 1,3-B-p-glucan (Fig. 3). FR901379 is the first 
example of a naturally water-soluble echinocandin deriva- 


tive [18,19]. This natural product displays excellent water- 
solubility by virtue of the presence of a sulfate moiety on the 
homotyrosine group. FR901469 is the first example of a 
new type of 1,3-B-glucan synthase inhibitor based upon a 
40-membered cyclic lipopeptidolactone structure [20—22]. 
FR901469 also displays excellent water-solubility. 

In this short review, we briefly describe some of our efforts 
directed at synthetic modification of FR901469 and 
FR901379. The main thrust of our work has been replace- 
ment of the highly flexible lipophilic side chains and/or 
chemical derivatization with a view to reducing the hemolytic 
potential associated with the natural products, and to enhance 
chemical stability and/or in vivo antifungal efficacy. As a 
result of these efforts, we have discovered a novel analog, 
FK463 (micafungin), which is currently in worldwide phase 
III clinical trials as a parenteral agent for various mycoses. 


3. Discovery and biological activity of FR901469 and 
related derivatives 


FR901469 was isolated as a hydrochloride salt from an 
unidentified fungus no. 11243 [20]. This compound dis- 
played water solubility of > 50 mg/ml, which compares with 


Table 1 
FR901469, a water-soluble lipopeptidolactone 





B-1,3-glucan synthase mhibition (from C. albicans 6406) 


Compound ICso (ug/ml) 
FR901469 005 
FR901379 07 
Echinocandin B 26 
Cilofungin 29 
Papulacandin B 25 
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Table 2 
Biological properties of FR901469 





Compound Hemolysis C. albicans FP633 A fumigatus FP1305 
MLC MIC EDso EDso 
(ug/ml) (ug/ml) (mg/kg/day) (mg/kg/day) 
FR901469 250 01 ` 04 0.42 
Echinocandin B 125 25 >32 >100 
Fluconazole NT >100 220 >40 
Amphotencin B <50 039 013 013 


0.008 mg/ml for echinocandin B, the prototype 1,3-B- 
glucan synthase inhibitor. Furthermore, inhibition of the 
enzyme from Candida albicans 6406 showed an ICso of 
0.05 ug/ml, significantly more potent than echinocandin B 
and papulacandin B (Table 1). The antifungal activity of 
FR901469 is also excellent (Table 2), however, hemolytic 
activity is high and comparable to echinocandin B, indicat- 
ing the potential for drug—erythrocyte interactions and 
hemolysis under in vivo conditions, especially 1n the multi- 
ple dose regimens of usual drug treatment protocols. Early 
work on echinocandin B indicated that major toxic liabilities 
resulted from its high hemolytic potential [23,24]. Minimum 
lytic concentration (MLC) for FR901469 was 250 ug/ml, 
compared to 125 ug/ml for echinocandin B. Reduction of 
hemolysis was considered critical in order to improve the 
overall profile of this natural product, since echinocandin B 
was unsuitable as a development candidate due to its 
hemolysis and toxicity. An additional notable structural 
feature of FR901469 is the juxtaposition of an ornithine 
amino group adjacent to a lactone moiety. This feature leads 
to a pH-dependent ring opening process, which whilst not 
effecting in vivo antifungal potency significantly, presum- 
ably due to amino group protonation at physiological pH, 1s 
potentially a source of chemical instability in the drug 
isolation/development process (Fig. 4). 

We have already reported some of our efforts on the site- 
specific chemical modification of FR901469. In particular, 
we have described selective direct modification of the 
ornithine residue by synthesis of acylated and amidine 
conjugates of the ornithine amino group [25,26], selective 
functionalization of the tyrosine moiety [27] and complete 
replacement of the ornithine by a novel subshtuted glutamic 


AE 





acid residue [28]. In the course of these studies, 1t became 
apparent that the hemolysis associated with the natural 
product could be reduced significantly by chemical mod- 
ification whilst maintaining the potent in vitro and, espe- 
cially, in vivo antifungal activity. After completion of this 
work, scientists at Nippon Roche described the discovery of 
aerothricins, a series of lipopeptides closely related to 
FR901469 [29]. A number of studies aimed at exploring 
modifications at the ornithine moiety with a view to 1m- 
proving the therapeutic index and antifungal potency have 
also appeared recently [30,31]. 

As a part of continuing studies on FR901469, in order to 
remove the propensity for ring opening leading to a bio- 
logically 1nactive linear peptide, we designed the amide 
analog of the natural product (Fig. 4). This design is a 
rational one since an amide bond is significantly more stable 
to hydrolysis compared to an ester, however, it was unclear 
how such a modification would effect biological activity. On 
the assumption of retention of activity, we were particularly 
interested in the possibility of development of new method- 
ology that would be applicable to the synthesis of a variety 
of novel lipophilic side chain-modified analogs, since work 
in the echinocandin B area established the mfluence of 
lipophilicity of the acyl side chain on antifungal potency 
and hemolysis of lipopeptides [24]. 

We based our approach to the synthesis of the amide 
analog of FR901469 on deacylation of the lipophilic side 
chain of the natural product, introduction of a pre-formed 
amide-substituted side chain moiety, macrolactamization 
and ornithine amino group deprotection. The key linear 
peptide intermediate was produced in 35% yield by direct 
incubation of FR901469 with Actinoplanes utahensis IFO- 
13244 m 0.2 M phosphate at pH 7.8 and 60 °C (Fig. 5). 
This organism has been employed for deacylation of various 
lipopeptide compounds, including echmocandin B, and 
cleaves only the amide bond connecting the lipophilic side 
chain to the peptide skeleton [32]. In this work, we have 
demonstrated another feature of this organism, whereby 
simultaneous removal of a B-hydroxyacid side chain and 
an ornithine moiety is also possible [33]. 

For this synthesis, the appropriate side-chain fragment 
was prepared as shown (Fig. 6). Myristylaldehyde was 
converted over six synthetic steps to an activated ester 
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Fig 4 Intramolecular nng-opening of FR901469 
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Fig 5 Microbial deacylation of FR901469 


building block containing all required functionality. The B- 
amino acid portion of the fragment was prepared by 
adaptation of Davies methodology. The final steps ın the 
synthesis of the amide analog of FR901469 are shown in 
Fig. 7. Acylation of the linear peptide produced by micro- 
bial biotransformation with the activated synthetic dipep- 
tide, followed by protecting group manipulation, macro- 
cyclization under high dilution conditions and removal of 
the tert-butoxycarbonyl (BOC) protecting group afforded 
the amide analog (FR207010) as the hydrochloride salt after 
ion-exchange chromatography and freeze-drying. In support 
of our original expectations, this compound was signifi- 
cantly more stable compared to FR901469 under high pH 
conditions, and the antifungal potency was comparable to 
the lactone natural product (Table 3). 

Whilst FR207010 displayed comparable antifungal activ- 
ity to FR901469, the presence of a linear unbranched 
lipophilic side chain meant that hemolysis was still high. 
This methodology is readily applicable to the synthesis of a 
variety of novel lipophilic side chain-modified analogs, and 
indeed, synthesis and biological activity of such analogs has 


PPhY © CO;Me 


revealed that nonhemolytic compounds with natural prod- 
uct-like levels of antifungal activity can be identified in this 
series (data not shown). 


4. Discovery and biological activity of FR901379 and 
FK463, novel water-soluble echinocandin derivatives 


The first example of a naturally occurring, water-soluble 
echinocandin-like lipopeptide, FR901379 (Table 4), was 
isolated from the culture broth of Coleophoma empetr: F- 
11899 [18,19]. This compound was originally designated 
WF11899A and is one member of a family of three related 
cyclic hexapeptides (WF11899A, B, C) that differ only in 
the number of hydroxyl groups on the hexapeptide skeleton. 
FR901379 is a cyclic hexapeptide bearing a fatty acid acyl 
group on the N-terminal moiety and has excellent water- 
solubility by virtue of the presence of a sulfonate moiety on 
the homotyrosine residue. The water-solubility is greater 
than 50 mg/ml, which is much higher than the water- 
solubility of echinocandin B (0.008 mg/ml) FR901379 
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Fig 6 FR901469 amide analog: activated ester fragment. 
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Fig 7 FR901469 amide analog. completion of synthesis. 


displayed more potent inhibition of B-1,3-glucan synthase 
from C albicans 6406 (ICso = 0.7 ug/ml) than echinocandin 
B (ICso 7 2.6 pg/ml), and in a C albicans murine infection 
model, displayed a superior protective effect relative to 
echinocandin B and fluconazole, but was weaker than 
amphotericin B (Table 5). However, this compound was 
not strongly effective in prolonging survival in a model of 
disseminated aspergillosis, and it had an MLC of 62 pg/ml, 
indicating that chemical modification would be required to 
improve antifungal potency and to reduce hemolysis. 
Recently, scientists at Lilly reported that the in vivo, but 
not in vitro, activity of cilofungin, an echinocandin B 
derivative with a modified fatty acid side chain, against 
Aspergillus fumigatus correlated with inhibition of 4. fumi- 
gatus glucan synthase [34], and that the hemolytic potential 
of echinocandin B could be reduced by incorporation of 
benzoyl-type side chains. In our studies, enyzmatic deacy- 
lation of FR901379 was readily achieved and reacylation of 
the resulting key skeleton, FR179642, afforded novel side 
chain-modified antifungal agents. FR131535 [35,36] was 
the first key compound prepared and displayed excellent 





Table 3 
Antifungal activity of FR207010, the amide analog of FR901469 
Fungal Species MIC (ug/ml) 

FR207010 FR901469 Amp-B Fluconazole 
C. albicans ATCC90028 I 0.5 0.5 0.5 
C tropicalis TIMM0313 2 I 0.5 4 
C kruser ATCC6258 1 05 1 32 
C. guilhermondi: ATCC9390 1 05 0.5 4 
C parapsilosis ATCC22019 4 2 0.5 2 
A fumigatus TIMM0063 1 0.5 0.5 >64 
A, mger ATCC6275 05 0.25 025 >64 


antifungal activity, comparable to FR901379, but without 
the hemolysis associated with the natural product. Subse- 
quent optimization studies were then initiated, leading 
ultimately to the discovery of a novel analog, FK463, with 
an excellent profile. The synthesis of FK463 is outlined in 
Fig. 8, and involves a straightforward reacylation of the 
hexapeptide skeleton FR179642 with a pre-formed novel 
isoxazole-containing benzoyl-like side-chain [37]. In com- 


Table 4 
FR901379* a water-soluble echinocandin lipopeptide 
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HO 
B-1,3-glucan synthase inhibition (from C albicans 6406) 
Compound ICso (ug/ml) 
FR901379 07 
FR901469 005 
Echmocandin B 26 
Cilofungin 29 


Papulacandin B 25 
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Table 5 
Biological properties of FR901379 


Compound Hemolysis C albicans FP633 A fumigatus FP1305 
MLC MIC EDs EDs 
(ug/ml) ^ (ug/ml) (mg/kg/day) (mg/kg/dzy) 
FR901379 62 02 1.8 70 
Echmocandin B 125 25 >32 >100 
Fluconazole NT 2100 220 >40 
Amphotericin B <50 0.39 013 0.13 


mon with FR901379 and FR131535, FK463 displays excel- 
lent water-solubility. 

Biological evaluation of FK463 has revealed that ıt 
possesses potent in vitro antifungal activity [38—41]. In 
comparison to the established agents, amphotericin B, 
itraconazole and fluconazole, FK463 displayed excellent 
activity agaist Candida species (Table 6) and Aspergillus 
species (Table 7). In common with other 1,3-8-p-glucan 
synthase inhibitors, FK463 was not active against Crypto- 
coccus neoformans strains. [37]. FK463 was shown to be 
fungicidal to C. albicans FP633 by exammation of the 
relationship between change in viable cell counts and drug 
concentration after exposure for 24 h in comparison to other 
drugs. A 99% or greater reduction in viability was observed 
after 24 h of exposure to >0.0156 ug/ml of FK463 (Fig. 9). 
As can be seen from the data in Fig. 9, FK463 exhibited 
fungicidal activity at concentrations lower than those at 
which amphotericin B was fungicidal, and was clearly 
superior to itraconazole and fluconazole, which displayed 
fungistatic effects. 




















Table 6 
Antifungal spectrum of FK463 (1) 
Organism MIC (g/ml) 

FK463 Amp-B ITCZ FLCZ 
Candida albicans ATCC90028 00156 0.5 00313 0.5 
Candida tropicalis TIMM0313 00313 05 0 125 4 
Candida glabrata ATCC90030 00156 0.5 l 16 
Candida kefyr ATCC28838 0125 05 00625 05 
Candida kruset ATCC6258 0125 1 025 32 
Candida guilliermondii ATCC9390 0.125 0.5 0 25 4 
Candida parapsilosis ATCC22019 2 05 025 2 
Candida stellatoidea YFM5491 00313 00625 00078 0125 
Saccharomyces cerevisiae ATCC9763 0125 0.5 025 2 


The in vivo antifungal efficacy of FK463 is also good 
when drug is administered as an intravenous injection 
(Table 8). In murine models of disseminated candidiasis 
and aspergillosis, FK463 displayed comparable efficacy to 
amphotericin B, and superior efficacy compared to fluco- 
nazole [42]. In particular, in the candidiasis model, FK463 
significantly prolonged the survival of intravenously in- 
fected mice at doses of 0.125 mg/kg of body weight or 
higher In the disseminated aspergillosis model, FK463 
given at doses of 0.5 mg/kg or higher significantly pro- 
longed the survival of mice infected intravenously with A. 
fumigatus conidia. This result indicates that the efficacy of 
FK463 was about two times inferior to that of amphotericin 
B. Furthermore, FK463 has demonstrated good in vivo 
activity in mouse models of pulmonary aspergillosis [43]. 
Pulmonary aspergillosis in mice was induced by intranasal 
1noculation and administration was by the intravenous route. 
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Fig 8 Deacylatioa of FR901379 and synthesis of FK463. 
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Table 7 
Antifungal spectrum of FK463 (2) 
Organism MIC (pg/ml) 

FK463  Amp-B ITCZ  FLCZ 
Cryptococcus neoformans >64 0.25 00313 0.5 

TIMM0354 

Trichosporon cutaneum IFM4-1-4 >64 2 05 8 
Trichosporon asahii TIMM3144 >64 025 0.25 2 
Aspergillus fumigatus TIMM0063 00078 05 0.5 >64 
Aspergillus niger ATCC6275 00078 0.25 05 >64 
Aspergillus nidulans IFM5369 00078 1 00625 32 
Aspergillus flavus ATCC9643 00156 1 025 64 
Aspergillus terreus IFM5369 00156 1 0125 >64 
Aspergillus versicolor IFM41406 00156 0.5 00625 32 
Fusarium solani IFM41532 >64 025 >8 >64 


The 50% effective dose was in the range 0.26—0.51 mg/kg 
of body weight, which was comparable to amphotericin B. 
The minimum effective plasma FK463 concentration in 
murine pulmonary aspergillosis was determined to be 
0.55—0.80 ug/ml by a viable-cell reduction assay in the 
target organs [43]. Good protection against infection due to 
azole-resistant C. albicans has also been described [44]. The 
prophylactic effect of FK463 against Pneumocystis carinii 
infection in the severe combined immunodeficient (SCID) 
mouse model has also been described [45]. P. carinii is an 
opportunistic pathogen that causes P carinii-associated 
pneumonia (PCP), a cause of morbidity and mortality in 
immunocompromised patients. À recent summary article 
describes all available biological and clinical evaluation 


FK463 Amp-B 


Alog CFU 


Limit of Quantification 





Table 8 
In vivo efficacy of FK463 disseminated candidiasis and aspergillosis 
Organism EDs (mg/kg/day) 

FK463 FLCZ Amp-B 
C albicans FP633 014 2.15 0.08 
C. glabrata 13002 030 627 011 
C. tropicalis 16009 0.28 371 0.09 
C. krusei FP1866 0.77 9.52 0.26 
C parapsilosis FP1946 1.00 10.9 006 
A fumigatus IFM41209 0.50 >20 029 


Once-daily treatment for 4 days starting 1 h after infection by intravenous 
administration to mice. 


data, including pharmacokinetic data, for FK463 (micafun- 
gin) [46]. FK463 is currently in late-stage phase III clinical 
development. 


5. Conclusions 


The recent FDA approval of the Merck compound 
caspofungin as a therapy for refractory invasive aspergillo- 
sis has opened up the first chapter in a new era for antifungal 
therapy [47]. The confirmation that 1,3-B-p-glucan synthase 
inhibition can provide compounds with significant clinical 
utility bodes well for the future of treatment of severe 
systemic fungal infections. Our efforts in this area have 
culminated in the identification of FK463 (micafungin). 
This compound is in phase HI clinical trials worldwide, 
and a new drug application (NDA) has been filed recently in 
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Fig 9. Fungicidal activity against C. albicans FP633 after 24-h exposure 
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Japan. These developments clearly show that a rational 
approach to antifungal drug discovery, focussing on com- 
pounds that interfere selectively with elements essential to 
the survival of fungal cells, can lead to new agents with the 
potential to become key components in the arsenal of 
weapons directed at serious systemic fungal disease. 
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Abstract 





Parasites have developed a variety of physiological functions necessary for their survival within the specialized environment of the host. 
Using metabolic systems that are very different from those of the host, they can adapt to low oxygen tension present within the host animals. 
Most parasites do not use the oxygen available within the host to generate ATP, but rather employ systems anaerobic metabolic pathways. 
The enzymes ın these parasite-specific pathways are potential targets for chemotherapy. Cyanide-insensitive trypanosome alternative oxidase 
(TAO) is the terminal oxidase of the respiratory chain of long slender bloodstream forms of the Afncan trypanosome, which causes sleeping 
Sickness in human and nagana in cattle. TAO has been targeted for the development of anti-trypanosomal drugs because it does not exist in 
the host Recently, we found the most potent inhibitor of TAO to date, ascofuranone, a compound isolated from the phytopathogenic fungus, 


Ascochyta visiae. © 2002 Elsevier Science B.V. All rights reserved 
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1. Introduction 


The survival of parasites is dependent on that of the host. 
It is thought that parasites originated from non-parasitic 
ancestors and adapted to the environment in the host, 
evolving host and organ specificities. Parasites adapt to a 
low oxygen tension environment in the host using metabolic 
pathways that are very different from those of the host 
animals. In such systems, parasite mitochondria undergo 
significant changes in their morphology and composition 
during development and environmental adaptation [1]. 
These unique aspects of parasite mitochondria may be 
promising targets for chemotherapy. 

Recently, we isolated a novel compound, nafuredin, from 
Aspergillus niger [2]. Nafuredin inhibits NADH-fumarate 
reductase (complexes I+ID activity, a unique anaerobic 
electron transport system in helminth mitochondria. This 
compound is active at nanomolar concentrations. It com- 


Abbreviations AF, ascofuranone; AOX, alternative oxidase; DFMO, a- 
difluoromethylornithine, LS, long slender form; SHAM, salicylhydroxamic 
acid, TAO, trypanosome alternative oxidase, VSG, variant surface 
glycoprotein 
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DDBJ, EMBL and NCBI data bases under the accession number 
AB070617 
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petes for the quinone-binding site in complex I and shows 
high selective toxicity for the helminth enzyme. Moreover, 
nafuredin exerts anti-helminthic activity against Haemon- 
chus contortus in in vivo trials in sheep. These findings 
show that the parasite mitochondrial respiratory chain is a 
worthwhile target for chemotherapy. 

In this review, we describe an additional novel inhibitor 
of parasite mitochondrial function, ascofuranone. This com- 
pound blocks the cyanide-insensitive terminal oxidase of 
Trypanosoma brucei brucei mitochondria, an enzyme also 
known as trypanosome alternative oxidase (TAO) [3]. In 
addition, this compound inhibits trypanosomal growth in 
heavily infected mice, and 1s, therefore a good lead for the 
development of new treatments for African trypanosomiasis 
[4]. Also, this validates TAO as a good target for the 
development of anti-trypanosomal chemotherapeutic agents. 


2. African trypanosome 
2.1. African trypanosomiasis 


African trypanosomes are protozoan parasites responsi- 
ble for sleeping sickness and nagana, diseases mediated by 
tsetse flies. Trypanosome infections are not only a problem 
in humans, but they are also a major issue for animals, 
livestock in particular, and are a principle issue in the 
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Table 1 
Change of energy metabolism during life cycle in T b bruce: 








Host stage Tsetse procyclic Human trypomastigote 

LS SS 
Matochondria active inactive active 
TCA cycle + _ + 
Cytochromes + _ + 
Alternative _ + - 

oxidase 

ATP synthesis mitochondria glycosome mutochondna 


LS long slender form, SS. short stumpy form. 


African food supply problem. Trypanosomes escape elimi- 
nation by the host immune system by varying their cell 
surface antigens, including repeated changes of the variant 
surface glycoprotein (VSG), a glycolipid-anchored glyco- 
protein [5]. Therefore, it is quite difficult to produce 
effective vaccines against them, and anti-trypanosomal che- 
motherapy is a major strategy against this African trypano- 
somiasis [6]. 

The two most commonly used chemotherapeutic com- 
pounds against trypanosomiasis are suramin and pen- 
tamidine. These compounds are effective during the hema- 
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tological stage of the disease. Melarsoprol and a-difluor- 
omethylornithine (DFMO), on the other hand, are used in 
late-stage disease. However, the first two agents are inef- 
fective at eradicating the parasite if it already has sur- 
mounted the blood—brain barrier, and the latter two 
frequently have fatal side effects [7]. Clearly, research and 
development of new drugs for the treatment of African 
trypanosomiasis is urgently needed. 


2.2. Mitochondria of T b. brucei 


T. b. brucei, the causative agent of nagana in cattle, is 
closely related to T. b. rhodesiense and T. b. gambiense, 
which cause sleeping sickness in humans. We have been 
studying mitochondria of T. b. brucei as a target for chemo- 
therapy because of its unique metabolic properties. Flag- 
ellates generally have one mitochondrion per cell, which 
contains RNA-editing kinetoplast DNA. Also, previous 
studies have shown that the structure and function of T b 
brucei mitochondria change markedly during their life cycle 
(Table 1) [8]. 

In the procyclic forms of T. b brucei found in the tsetse 
fly vector, ATP is synthesized by oxidative phosphorylation, 
and the mitochondria possess developed cristae containing 
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glycerate 
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Fig 1. Glucose metabolism ın bloodstream form of T. b brucei under aerobic and anaerobic conditions. (1) Glycerol kinase, (2) glycerol-3-phosphate 
dehydrogenase, (3) cyanide-insensitive quinol ozidase (TAO). AF and glycerol inhibit TAO and glycerol kinase, respectively. Modified from Ref. [26] 
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the respiratory chain and ATP synthetase systems. In con- 
trast, in the long slender (LS) bloodstream form, which lives 
in the host mammal’s blood, energy metabolism occurs 
mostly by the glycolytic pathway in a specific organelle 
called the glycosome (Fig. 1) [9]. Glycosomes contain a 
100-fold higher concentration of glycolytic enzymes than 
the cytoplasm of typical cells, and the glycolytic reaction 
proceeds at a high efficiency. Further, mitochondria of the 
LS form contain no cytochrome systems and do not synthe- 
size ATP by oxidative phosphorylation. Rather, the mito- 
chondrial cyanide-insensitive glycerol-3-phosphate oxidase 
system 1s used to re-oxidize of NADH produced in the 
glycolytic pathway (Fig. 2). Specifically, this system oxi- 
dizes glycerol-3-phosphate produced in the glycosomes 
using an electron transport system in the inner mitochon- 
drial membrane consisting of glycerol-3-phosphate dehy- 
drogenase, ubiquinone, and TAO [10]. Because the trypa- 
nosome glycerol-3-phosphate oxidase system does not exist 
in the host, it has attracted attention as a target for trypano- 
cides. Indeed, suramin may act by inhibiting the glycerol-3- 
phosphate oxidation system, although the mechanism is not 
certain at this time [11]. 

Under anaerobic conditions, or in the presence of 
a respiratory inhibitor such as salicylhydroxamic acid 
(SHAM), glycerol-3-phosphate accumulates inside the gly- 
cosome, and this is converted to glycerol by a reverse action 
of glycerol kinase [9]. In other animals, this enzyme functions 
almost exclusively in the forward direction, producing glyc- 
erol-3-phosphate from ATP and glycerol. This new anaerobic 
glycolytic pathway leads to the synthesis of 1 mol of ATP and 
1 mol of glycerol. In this way, 1 mol of glucose 1s dismutated 
into equimolar amounts of pyruvate and glycerol, with a net 
synthesis of 1 mol of ATP, even under anaerobic conditions or 
in the presence of respiratory inhibitors (Fig. 1). Therefore, 
inhibition of cyanide-insensitive respiration alone is not 
sufficient to kill the parasite, and the trypanosome can survive 
as long as glycerol does not accumulate in the medium. 
However, once the concentration of glycerol in the medium 
becomes several millimolar, mass action causes the enzyme 
to reverse and produce glycerol-3-phosphate from glycerol 
and anaerobic glycolysis in the glycosome stops. In fact, 


Glycosome 
Glucose 
NADt Glycerol-3-Phosphate 
NADH Dihydroxyacetate 


Phosphate 


3-Phosphoglycerate Pes 


Pyruvate ATP 


simultaneous administration of SHAM and glycerol leads to 
an immediate lysis and disappearance of the parasite from the 
blood [12]. 


3. Effect of ascofuranone 
3.1. Effect of ascofuranone on cultured T. b. brucei 


Because ubiquinone is an essential component of the 
glycerol-3-phosphate oxidase system, we searched for com- 
pounds with a structure similar to ubiquinone that might 
inhibit the respiratory chain ofthe LS trypanosome. We found 
ascofuranone, a potent and specific inhibitor of glucose- 
dependent respiration in cultured cells and of the glycerol- 
3-phosphate oxidase from isolated mitochondria (Fig. 3) [3]. 

Ascofuranone is isolated from phytopathogenic fungus, 
Ascochyta visiae [13]. This compound possesses host-medi- 
ated anti-tumor activity because it activates macrophages 
[14]. This appears to be due to the respiratory inhibition of 
macrophages via the quinone site [15]. Therefore, we 
examined the effect of ascofuranone on the respiration of 
cultured trypanosomes to determine if it might 1nhibit the 
glycerol-3-phosphate oxidase system. Surprisingly, we 
found that-nanomolar concentrations of ascofuranone inhibit 
mitochondrial glycerol-3-phosphate dependent oxidase 
activity as well as glucose-dependent respiration of cultured 
cells [3]. In contrast, micromolar concentrations of ascofur- 
anone are required for inhibition of mitochondria from other 
organisms. At least, one of the targets of this compound 
seems to be TAO because it potently inhibited mitochon- 
drial quinol oxidase activity (K,=2.38 nM). This value is 
three orders of magnitude lower than that of suramin 
(K,=4.1 uM) and n-propyl gallate (K,=6.3 uM) [11,16], 
suggesting that ascofuranone is a specific inhibitor of the 
oxidase system. Because 4-O-methoxycarbonylmethyl and 
4-O-carboxymethyl-substitutions (Fig. 3) decrease its effect 
dramatically, the 4-OH group of the compound likely plays 
an important role in the inhibitory mechanism [3]. Finally, 
1n vitro growth of the LS form of the trypanosome is also 
inhibited by ascofuranone. 








genase 
1,502 H20 


Mıtochondria 


Fig. 2. Glycerol-3-phosphate oxidase system ın T b brucei mitochondria This system oxidizes glycerol-3-phosphate produced in the glycosomes using the 
electron transport system consisting of glycerol-3-phosphate dehydrogenase, ubiquinone, and cyanide-insensitive alternative oxidase (TAO) localized in the 


mitochondrial inner membrane. 
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Fig. 3. Ascofuranone and its derivatives. 


3.2. Effect of ascofuranone on mice infected with T. b. brucei 


Ascofuranone is not only a potent inhibitor in vitro, but it 
also is an effective chemotherapeutic agent for the treatment 
of African trypanosomiasis in mice with a high level of 
parasitemia [4]. Combination of 3 g/kg glycerol with either 
oral (100 mg/kg) or intraperitoneal (25 mg/kg) ascofuranone 
provided dramatic antitrypanosomal activity in infected 
mice. In fact, all trypanosomes disappeared within 30 min 





mmm 
SUL 


Moore model, 
1995 


of intraperitoneal treatment and within 180 min after oral 
administration. 

The efficacy of oral treatment is an extremely important 
factor for practical use of ascofuranone because a simple 
mode of administration is essential in rural conditions. 
Presently, all drugs available for human and animal trypano- 
somiasis are administered intramuscularly (pentamidine, 
diminazene aceturate and isometamidium chloride) or intra- 
venously (suramin, melarsoprol and DFMO) [7]. In addition. 
our recent studies in rat and human cell lines show that 
ascofuranone has desirable pharmacokinetic properties, is 
safe, and is without any side effect (Hosokawa, unpublished 
observation). 


4. TAO as a target of ascofuranone 
4.1. Alternative oxidase (AOX) 
As described in the previous section. TAO appears to be 


at least one of the sites of inhibition in the glycerol-3- 
phosphate oxidase system of LS form mitochondria. This 
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Fig. 4. Two proposed models of AOX and inhibition by ascofuranone. (left) Transmembrane model proposed by Siedow et al. [27]. (right) interfacial 


membrane model proposed by Andersson and Nordlund [28]. 
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terminal oxidase is completely different in structure than the 
cyanide-sensitive mammalian type cytochrome c oxidase 
found in the mitochondria of the procyclic trypanosome 
forms. Like other forms of AOX, TAO is thought to contain 
iron rather than heme as the prosthetic group. Chaudhuri et 
al. [17] showed by cDNA analysis that TAO belongs to the 
AOX family of mitochondrial oxidase of higher plants, 
algae, yeast, slim molds, and free-living amoebae. TAO 
and AOX have many characteristics in common, including: 
(1) they possess a cyanide-insensitive ubiquino! oxidase 
activity; (2) both enzymes are specifically inhibited by 
SHAM and n-propyl gallate; (3) they are mitochondrial 
inner membrane proteins containing four a-helices and with 
a mass of 30—38 kDa (Fig. 4); (4) like ribonucleotide 
reductase R2 and methane monooxygenase, they have a 
catalytic site. containing a putative binuclear iron center 
coordinated by two helices that include a Glu- X-X— 
His motif as well as two helices with a conserved Glu 
or Asp residue; (5) TAO cross-reacts with an anti-plant 
AOX monoclonal antibody recognizing the region 
(RADEXXHXXXNH), which contains the C-terminal 
iron-bound motif [18]. 

In plant AOX, there is a conserved Cys residue close to 
the N-terminus, and the disulfhydryl-bound dimer has low 
activity. The activity increases when an a-keto acid is bound 
to the sulfhydryl group of the reduced monomer by a 
thiohemiacetal linkage [19]. In contrast, in amoebae, algae, 
and yeast, AOX is activated by purine nucleotides such as 
AMP and GMP [20] However, these studies were per- 
formed using intact cells or mitochondria, because the 
purified enzyme is very labile. The same problem has 
limited the study of TAO from trypanosomes. 


4.2. TAO 


Because TAO is a unique enzyme in trypanosome LS 
form, and may be a good target for anti-trypanosome 
chemotherapy, many studies have examined the effects of 
TAO electron transport inhibitors. SHAM and n-propyl 
gallate, inhibitors of plant AOX with a benzene ring-like 
ubiquinone, inhibit TAO [16,21]. Structure—function rela- 
tionships of p-alkyloxybenzhydroxaminc acid and of 3,4- 
dihydroxybenzoic acid, have been studied in detail [16,22]. 
Alkyl esters of 3,4-dihydroxybenzoic acid inhibit the glyc- 
erol-3-phosphate oxidase system at concentration 400-fold 
lower than that needed for inhibition by SHAM. However, 
no drug has been developed from these compounds because 
of their low solubility and selectivity. 

Clearly, understanding the function of TAO is essential for 
developing new inhibitors. Chaudhuri et al. [23] partially 
purified TAO from NP-40-solubilized mitochondria. The 
specific activity of TAO increased 10-fold by gel filtration, 
and a 33-kDa peptide was identified as TAO, but no further 
information could be obtained due to its low stability and 
recovery. To solve this problem, TAO has been expressed in 
an E. coli heme synthesis mutant lacking a functional 
terminal oxidase such as cytochrome bo and bd complexes. 
In this system, TAO restores respiration, but the amount of 
recombinant enzyme produced is not enough for biochemical 
analyses. 

Recently, we have established a system for over-express- 
ing TAO in £. coli using pET expression vector [24]. TAO- 
expressing E. coli are easily identified because they are 
resistant to cyanide. Further, the respiratory activity of their 
cell membranes is also cyanide-insensitive. In addition, the 
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Fig. 5. Amino acid sequences of cDNA for TAO from two strains of T. b. brucei. Amino acid sequences of TAO from T. b. brucei strain TC221 (present study, 
the accession number AB070617 in DDBJ) and EATRO110 [25] are compared. (*) Identical amino acid; (arrows) conserved di-iron coordination motif ( -E— 


and -EXXH- ). 
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respiratory activity is sensitive to ascofuranone, which does 
not inhibit E. coli terminal oxidases. This system, therefore, 
allows detailed analysis of TAO. Indeed, enzymological 
analysis using the recombinant TAO revealed that the 
inhibitory effect of ascofuranone is due to competitive 
inhibition for ubiquinone, suggesting that the quinone ring 
structure is closely involved in the inhibition mechanism 
(Fukai et al., unpublished results). 

During the establishment of the E. coli expression system 
for TAO, we found strain-specific differences in TAO's 
amino acid sequence (Fig. 5). The C-terminal part of TAO 
from the strain that we are using, T. b. brucei TC221, is 
considerably different than that cloned by Hill's group from 
the EATRO110 strain [25]. Further, the amino acid sequence 
of TC221 TAO is much more closer than EATRO110 TAO 
to other forms of AOX. Both forms of TAO contained the 
conserved diiron-coordination motif, consistent with the 
ability of both TAO cDNAs to restore of respiration of an 
E. coli heme synthesis mutant. Comparative analysis of 
these two enzymes, including sensitivity to ascofuranone, 
may reveal structure—function relationship of TAO and 
provide insight into its mechanism of inhibition. 


5. Conclusions and perspectives 


As described in this review, the parasite metabolic system 
is an attractive target for chemotherapy because it is different 
than the host metabolic system and because it is essential for 
parasite survival. TAO in trypanosome mitochondria and its 
specific inhibitor, ascofuranone are excellent examples ín this 
regard. As pointed out by Opperdoes [9], ascofuranone is the 
most potent TAO inhibitor to date. Because of its high 
selectivity and low toxicity, ascofuranone is a potential 
candidate for the next generation of anti-trypanosomal 
agents. Indeed, current studies are examining the molecular 
mechanism of ascofuranone and ways of improving its 
efficacy in vivo. Š 

One problem that must be solved is that glycerol must be 
administered along with ascofuranone, to inhibit the reverse 
reaction of glycerol kinase (see Fig. 1). Although glycerol is 
not toxic, it is not practical to give the large dose (3 g/kg) 
required, and an inhibitor of the reverse reaction of glycerol 
kinase is expected to be more useful. Fortunately, glycerol 
kinase has been cloned and the recombinant enzyme can be 
over-expressed [26]. In addition, studies on glycerol kinase 
from trypanosomastids that lack or have a limited capacity 
to produce glycerol, such as T: vivax and T: congolense, will 
provide useful information on thé glycerol kinase enzyme. 
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Abstract 


Infections by the opportunistic fungal pathogen Candide albicans are widely treated with the antifungal agent fluconazole that inhibits the 
biosynthesis of ergosterol, the major sterol in the fungal pasma membrane. The emergence of fluconazole-resistant C. albicans strains is a 
significant problem after long-term treatment of recurrent ccopharyngeal candidiasis (OPC) in acquired immunodeficiency syndrome (AIDS) 
patients, Resistance can be caused by alterations in stero biosynthesis, by mutations in the drug target enzyme, sterol 14a-demethylase 
(14DM), which lower its affinity for fluconazole, by increa: ed expression of the ERG// gene encoding 14DM, or by overexpression of genes 
coding for membrane transport proteins of the ABC transporter (CDR//CDR2) or the major facilitator (MDRI) superfamilies. Different 
mechanisms are frequently combined to result in a stepw se development of fluconazole resistance over time. The MDR/ gene is not or 
barely transcribed during growth in vitro in fluconazole-susceptible C. albicans strains, but overexpressed in many fluconazole-resistant 
clinical isolates, resulting in reduced intracellular fluconazole accumulation. The activation of the gene in resistant isolates is caused by 
mutations in as yet unknown trans-regulatory factors, and he resulting constitutive high level of MDR/ expression causes resistance to other 
toxic compounds in addition to fluconazole. Disruption o' both alleles of the MDR/ gene in resistant C. albicans isolates abolishes their 
resistance to these drugs, providing genetic evidence that DRI mediates multidrug resistance in C. albicans. © 2002 Elsevier Science B.V. 
All rights reserved. 


Keywords: Candida albicans; Drug resistance; Efflux pump; Fluconazole: Major facilitator 


1. Introduction chrome P-450 enzyme. This key enzyme in the ergosterol 
biosynthesis pathway catalyzes the oxidative removal of the 

The yeast Candida albicans is a harmless colorizer of 14a-methyl group from lanosterol. Azoles bind to the heme 
mucosal surfaces in many healthy persons, but it cam cause in the active site of 14DM, competing with substrate bind- 
superficial as well as life-threatening systemic infections in ing [1]. The triazole fluconazole is the most widely used 
immunocompromised patients. Especially people infected drug to treat Candida infections, due to its favourable 
with the human immunodeficiency virus (HIV) and bioavailability and safety profile. The clinical response to 
acquired immunodeficiency syndrome (AIDS) patients fre- fluconazole in patients with OPC is usually good but 
quently suffer from oropharyngeal candidiasis (OPC). Few because of incomplete eradication of the fungi due to the 
classes of antifungal drugs are available to treat Candida fungistatic rather than fungicidal effect of azoles, relapses 
infections. The azoles affect the biosynthesis of ergosterol, occur frequently [2]. The prolonged and repeated treatment 
the major sterol in the fungal plasma membrane, by nhibit- of OPC in AIDS patients has resulted in an increasing 
ing the enzyme sterol 14a-demethylase (14DM), a cyto- frequency of therapy failures caused by the emergence of 


fluconazole-resistant C. albicans strains [3]. 


Abbreviations; ABC, ATP-binding cassette; AIDS, acquired anmuno- 
deficiency syndrome; ATP, adenosine triphosphate; 14DM, stero! 14a- 
demethylase; GPP, green fluorescent protein; HIV, human immunodefi- 2. The development of fluconazole resistance in C. 
ciency virus; 4-NQO, 4-nitroquinoline-N-oxide; OPC, oropharyngeal albicans 
candidiasis 
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the isolation of C. albicans strains displaying decreased in 
vitro susceptibility to fluconazole [3.4]. To determine 
whether fluconazole resistance is due to the aquisition of a 
new, resistant strain that replaces a previously infecting, 
susceptible strain, or if resistance has developed in a 
previously susceptible strain that colonized the patient 
before, it is necessary to discriminate genetically unrelated 
C. albicans strains from each other. Many molecular typing 
methods are available for C. albicans, but Southern hybrid- 
ization of genomic DNA with moderately repetitive DNA 
elements has been shown to have the highest reproducibility 
and discriminatory power (see Fig. 1). Molecular typing has 
demonstrated that colonizing populations of C. albicans are 
usually clonal, i.e. a single strain is in most cases the cause 
of recurrent infections in a patient, but the strain may evolve 
into subtypes [5]. However, it has also been shown that a 
patient can be colcnized by several different C. albicans 
strains at the same time [6-8]. In many studies, only a 
single isolate is characterized from each infection episode. 
Therefore, a strain that was present as a minor constituent of 
the colonizing population in the patient may be isolated for 
the first time after it has acquired resistance and overgrown 
a previously dominating other strain, thereby giving the 
appearance of resistance being due to strain replacement. 
Although transmission of a resistant strain, for example 
from the sexual partner, may occur [9], the analysis of many 
C. albicans isolates from patients with recurrent infections 
has demonstrated that fluconazole resistance usually devel- 
oped in a previously susceptible strain from the same patient 
[10,11]. Such series of matched isolates, i.e. isolates repre- 
senting the same C. albicans strain but differing in their 


Al A2 C DI 22 E F GI G2 G3 G4 65 G6 








Fig. 1, DNA fingerprint pattern obtained after Southern hybridization of 
EcoRI-digested genomic DNA of C. albicans isolates with the C. albicans- 
specific repetitive DNA element. CARE-2 [64]. Isolates obtained from 
different patients (letters A-G) exhibit different fingerprints. The two 
isolates from patient A have an identical fingerprint, the two isolates from 
patient D are highly similar and represent subtypes of the same strain. 
Patient G harboured three subtypes of the same strain: Isolates G2, G3 and 
G6 are identical, isolates G4 and G5 are also identical and differ from the 
former by the absence of one band. and isolate GI exhibits an additional 
weak band as compared :o G4 and G5. 


susceptibility to fluconazole, are an excellent tool to study 
the mechanisms of drug resistance, since genetic alterations 
in a resistant isolate as compared to a matched susceptible 
isolate are likely to be related to the resistant phenotype [4]. 


3. The molecular mechanisms of fluconazole resistance 
in C. albicans 


Several different mechanisms may be responsible for the 
development of fluconazole resistance in C. albicans. These 
include alterations in the sterol biosynthesis pathway, over- 
expression of the ERG// gene encoding the drug target 
enzyme 14DM, mutations in the ERG// gene which result 
in reduced affinity of 14DM to fluconazole, and reduced 
intracellular drug accumulation, which is correlated with the 
overexpression of membrane transport proteins. In contrast, 
inactivation of the drug, a frequent cause of resistance to 
antibiotics in bacteria, has not been described as a resistance 
mechanism in C. albicans. The following sections summa- 
rize the genetic evidence that is available for the involve- 
ment of the various mechanisms in fluconazole resistance. 


3.1. Alterations in the sterol biosynthesis pathway 


Inhibition of 14DM by flaconazole not only results in 
ergosterol depletion but also in the accumulation of the 
methylated sterol 14a-methylergosta-8,24(28)-dien-3p.6a- 
diol, which inhibits cell growth [12]. Alterations in the 
sterol biosynthesis pathway that avoid the accumulation of 
this growth inhibiting sterol in the presence of fluconazole 
can cause fluconazole resistance. Inactivation of À” desa- 
turase (ERG3), an enzyme that acts at an earlier step than 
14DM in the ergosterol biosynthesis pathway, results in 
altered sterole composition of the membrane (high fecos- 
terol content) and fluconazole resistance, possibly by accu- 
mulation of 14a-methylfecosterol, which allows growth 
[12-14]. Recently it was shown that deletion of the ERG3 
gene in C. albicans resulted in reduced susceptibility of the 
mutants to fluconazole, providing direct genetic evidence 
that alteration of the sterol biosynthesis pathway can cause 
fluconazole resistance [15]. 


3.2. Mutations in the ERGII gene encoding the drug target 
enzyme, 14DM 


A frequent cause of drug resistance are mutations in the 
target structure that reduce its binding to the drug without 
preventing function. To identify alterations in 14DM that 
might cause fluconazole resistance, several investigators 
compared the sequence of the ERG// gene of fluconazole- 
resistant C. albicans strains with the published ERG! 
sequence and that of fluconazole-susceptible strains. As 
compared with the published ERG// sequence, the amino 
acid exchanges FIOSL, E266D. K287R, G448E, G450E. 
G464S and V488I were found only in fluconazole-resistant 
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isolates, but not in sensitive isolates in one study [16]. 
However, such sequence differences may simply reflect 
allelic variation and by themselves do not prove a causal 
relationship with résistance. Similarly, the amino acid 
exchanges K128T and K147R were found in sensitive 
isolates and were therefore suggested not to cause resist- 
ance, but such a conclusion would require a comparison of 
the fluconazole susceptibilities of the mutated and an 
otherwise identical enzyme. Alterations in the ERGII 
sequence in comparison with the published sequence in 
fluconazole-resistant isolates were also found by other 
investigators [17—19]. In these latter studies it was shown 
that the enzymes from the resistant isolates exhibited 
reduced sensitivity to inhibition by fluconazole, but the 
enzymes exhibited several different amino acid exchanges 
and it was not established which were responsible for the 
resistant phenotype. 

Stronger evidence for mutations in the ERGII gene 
conferring fluconazole resistance was provided by comparing 
the sequence of the ERGII alleles of matched pairs of 
fluconazole-susceptible and resistant isolates obtained at 
different infection episodes from the same patient. An 
R467K mutation was detected in both ERG11 alleles of a 
fluconazole-resistant C. albicans isolate as compared with 
matched isolates from the same patient with higher sensitivity 
[20]. Similarly, a G464S mutation was found in the ERG11 
alleles of an isolate displaying enhanced fluconazole resist- 
ance from another series of clinical C. albicans isolates [21]. 
Both amino acids are located near the heme binding site, and 
the mutations probably result in structural or functional 
alterations associated with the heme. The relationship of 
these mutations to the enhanced drug resistance of the strains 
was confirmed by the demonstration that higher fluconazole 
concentrations were needed to inhibit enzyme activity in cell 
free extracts of isolates containing the mutation as compared 
with isolates without the mutation [20,21]. 

A successful approach to demonstrate the involvement of 
ERGII mutations in fluconazole resistance has been the 
heterologous expression of different ERGI alleles in 
S. cerevisiae and comparing the susceptibility of the strains 
to fluconazole [22]. Since all the variant enzymes were 
expressed equally well in the heterologous host, an in- 
creased resistance should be due to differences in the amino 
acid sequence of the protein. The amino acid exchanges 
G129A, Y132H, S405F, G4648 and R467K were shown to 
cause fluconazole resistance by this approach [22]. Using a 
similar strategy, an 1471T exchange in ERGII was also 
shown to result in reduced fluconazole susceptibility [23], 
and recently an involvement in fluconazole resistance was 
demonstrated for additional amino acid exchanges, F126L, 
1229A, G307S and F449S [24]. Other mutated ERG1I 
genes also conferred increased resistance on $. cerevisiae 
transformants, but these genes encoded enzymes with multi- 
ple amino acid exchanges and it could not be deduced 
which of them was responsible for the resistant phenotype 
[19,24]. 


Direct evidence for certain mutations resulting in 
decreased affinity to the drug was provided by biochemical 
analysis of heterologously expressed enzymes. The affinity 
for fluconazole of 14DM containing the mutations Y132H, 
G464S or R467K was reduced as compared with the wild- 
type enzyme, confirming that these naturally occurring 
mutations indeed caused drug resistance in clinical C. 
albicans isolates [25—27]. Mutations that should affect 
substrate or inhibitor binding can also be inferred from 
knowledge of the three-dimensional structure of the 
enzyme. Molecular modeling predicted a hydrogen bond 
between sterol C3-OH and the threonine at position 315 in 
the active center of 14DM. A T315A mutation that was 
introduced by design into the C. albicans enzyme indeed 
reduced its affinity to fluconazole [28]. The T315A muta- 
tion has, however, so far not been found in clinical C. 
albicans isolates. 

A change from heterozygosity to homozygosity for a 
mutated ERG11 gene seems to confer increased resistance. 
Such a change was found for clinical isolates with the 
G464S or the R467K mutations [20,21]. Genetic evidence 
suggests that a cell with two copies of R467K is signifi- 
cantly more resistant than a cell in which only one allele has 
the mutation [4]. The selection pressure exerted by the 
presence of fluconazole seems to favour the conversion to 
homozygosity once a mutation conferring enhanced fluco- 
nazole resistance has been introduced into one of the ERG 1I 
alleles. 

Mutations in the drug target enzyme clearly are an 
important mechanism resulting in the emergence of fluco- 
nazole-resistant C. albicans strains. Table 1 provides a list of 


Table 1 
ERG11 mutations causing fluconazole resistance in clinical C. albicans 
strains 











Mutation Evidence for contribution Reference 

to fluconazole resistance 

A B C D 
F126L + [24] 
G129A + +8 [22] 
T229A + + [24] 
Y132H + + + [222325] 
G307S + + [24] 
S405F + + [22] 
F4498 + [24] 
G464S + + + + — [1222426] 
R467K. + + + + [20,22,27] 
1471T + [23] 





A: Mutation found in a fluconazole-resistant isolate but not in a matched 
susceptible isolate from the same patient. 
B: Increased fluconazole resistance of enzyme activity in cell-free extracts 
of isolates containing the mutation as compared with extracts from matched 
isolates without the mutation. 
C: Expression of mutated ERG11 gene in S. cerevisiae conferred higher 
resistance than otherwise identical gene without the mutation. 
D: Biochemical analysis showed reduced affinity of the mutated 14DM for 
fluconazole as compared with wild-type enzyme. 

* Conferred increased resistance only in combination with the G464S 
mutation, but not alone. 
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ERGII mutations that have been found in clinical C. 
albicans isolates and whose contribution to fluconazole 
resistance has been confirmed by various experimental 
approaches. As stated above, more sequence variations have 
been found in resistant isolates, but a definite proof for their 
involvement in resistance remains to be established. It is 
also important to note that the contribution of a mutation to 
a resistance phenotype depends on the sequence context of 
the particular ERGII allele in which it occurs, and the 
effects of some mutations can be additive [22—24]. 


3.3. Overexpression of the ERGII gene 


In the presence of fluconazole, C. albicans upregulates 
the ERG11 gene, presumably as a feedback mechanism to 
make up for ergosterol depletion [21,29]. Franz et al. [21] 
reported that even in the absence of fluconazole some 
fluconazole-resistant isolates express ERGI mRNA at 
higher levels than matched susceptible isolates in the 
presence of the drug. This constitutive ERGJ/ overexpres- 
sion seemed to contribute to fluconazole resistance, 
although to a lesser degree than ERGJJ mutations, since 
twice as much fluconazole was needed to inhibit 14DM 
activity in a cell free extract of such a resistant isolate to the 
same level as in the extract of a matched susceptible isolate 
[21]. ERG11 overexpression has been found in many other 
fluconazole-resistant C. albicans isolates compared with 
matched susceptible isolates [24,30]. Enhanced gene expres- 
sion is expected to result in higher enzyme levels and, 
consequently, a need for higher intracellular fluconazole 
concentrations to inhibit enzyme activity. There is exper- 
imental evidence that such overexpression confers flucona- 
zole-resistance. Overexpression of ERG11 from C. albicans 
conferred a five-fold enhanced resistance to fluconazole on 
S. cerevisiae as compared ‘to transformants carrying the 
vector control [28]. When the ERG11 gene was expressed 
from doxycyclin-repressible promoters in C. glabrata, 
increased levels of ERGI mRNA correlated with reduced 
fluconazole susceptibility [31]. Therefore, constitutive 
ERGII overexpression may contribute to fluconazole resist- 
ance in clinical C. albicans strains. 


3.4. Overexpression of genes encoding efflux pumps 


An important mechanism of fluconazole resistance is 
reduced intracellular accumulation of the drug. In recent 
years, it became evident that fluconazole is actively trans- 
ported out of the cells in an energy-dependent manner and 
that an enhanced drug efflux is caused by the overexpres- 
sion of genes encoding membrane transport proteins. The 
highly homologous genes CDR/ and CDR2 (Candida drug 
resistance) encode ATP-binding cassette (ABC) transport- 
ers, which use adenosine triphosphate (ATP) as the energy 
source, whereas the MDR/ (multidrug resistance) and FLU1 
(fluconazole resistance) genes encode major facilitators, 
which use the proton gradient across the membrane as the 


driving force for transport. The MDRI gene (originally 
termed BEN‘) had been cloned by its ability to confer 
resistance to benomyl and methotrexate upon S. cerevisiae 
transformants [32], and its overexpression in S. cerevisiae 
was later shown to mediate resistance to a variety of other 
drugs [33]. The CDRI gene is a homolog of the S. 
cerevisiae pleiotropic drug resistance gene PDR5 and was 
cloned by complementation of the cycloheximide hyper- 
sensitivity of an S. cerevisiae pdr5 mutant [34]. Trans- 
formants carrying the CDRI gene displayed increased 
resistance to many other drugs, suggesting that CDRI also 
is a multidrug resistance gene. Sanglard et al. [35] demon- 
strated that many fluconazole-resistant, clinical C. albicans 
isolates displayed strongly increased mRNA levels of CDR1 
or MDRI in comparison with matched susceptible isolates 
and accumulated less intracellular fluconazole. They also 
showed that S. cerevisiae pdr5 mutants are hypersusceptible 
to fluconazole and other azoles and that overexpression of 
CDRI from C. albicans complemented this phenotype, 
whereas overexpression of MDRI restored increased resist- 
ance to fluconazole, but not other azoles. Inactivation of 
CDR] in C albicans itself resulted in enhanced intracellular 
fluconazole levels and increased susceptibility of the mutant 
to fluconazole and many other drugs, providing genetic 
evidence that CDR/ is a multidrug resistance gene in C. 
albicans [36]. In contrast, disruption of MDR/ had no effect 
on intracellular fluconazole accumulation and did not influ- 
ence the susceptibility of the mutants to fluconazole [36,37]. 
However, the latter result is probably related to the fact that 
the strains in which MDRI had been inactivated, like most 
fluconazole-susceptible C. albicans 1solates, did not or 
barely express MDRI under the test conditions used 
[11,21,29]. 

The CDR2 gene, which is highly similar to CDRI, was 
identified in a screen for C. albicans genes that complement 
the hypersusceptibility of S. cerevisiae pdr5 mutants to 
azoles [38]. Inactivation of CDR2 in C. albicans had no 
effect on intracellular fluconazole accumulation and did not 
influence the susceptibility of the mutants to fluconazole, 
but this result was probably caused by the absence of CDR2 
expression in azole-susceptible C. albicans strains, similar 
to what is observed for MDRI (see above). However, 
disruption of CDR2 in a cdr] mutant background further 
increased the susceptibility to fluconazole and other drugs. 
Interestingly, derivatives of a cdr] mutant that regained 
wild-type levels of fluconazole-susceptibility expressed the 
CDR2 gene, and CDR2 overexpression was also observed in 
fluconazole-resistant clinical C. albicans isolates [38]. 
Therefore, CDR2 encodes a multidrug resistance gene that 
can mediate resistance to fluconazole and other drugs in C. 
albicans. 

The CDR gene family m C. albicans comprises many 
more genes, but apart from CDR1 and CDR2 no evidence 
for the involvement of other members of the gene family in 
fluconazole resistance has been obtained so far [39,40]. 
Recently, a gene that is homologous to MDR1, FLUI, has 
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been isolated by its ability to confer fluconazole resistance 
on hypersusceptible S. cerevisiae transformants [4°]. Inac- 
tivation of FLUI in a C. albicans strain in which several 
other multidrug resistance genes had been deleted resulted 
1 increased susceptibility to fluconazole, demonstra-ing that 
FLUI can mediate fluconazole resistance in C. albicans. 
However, overexpression of FLUI has not yet beea found 
as a cause of fluconazole resistance in clinical C. elbicans 
isolates. 

Overexpression of efflux pumps encoded by the CDRI, 
CDR2 and MDRI genes has been shown to be ons of the 
most frequent mechanisms of fluconazole resistance 
[8,11,21,24,30,35,38,42,43], but the exact mechani-m how 
resistance is mediated has not been resolved, no- is the 
physiological function of these membrane transport 2roteins 
known. Recent studies suggested that Cdrlp trensports 
phospholipids from the inner to the outer leaflet of the 
cytoplasmic membrane, thereby changing the membrane 
structure [44]. Earlier studies had demonstrated that -educed 
intracellular fluconazole accumulation was associated with 
an altered membrane structure, presumably resulting in 
reduced drug uptake [45]. The resistance phenotype asso- 
ciated with overexpression of membrane transport proteins 
may therefore not only be caused by enhanced efflux, but 
could in part also be due to membrane alterations resulting 
in reduced drug uptake, a possibility that has net been 
investigated so far and should be kept in mind. 


3.5. Multiple mechanisms contribute to a stepwise azvelop- 
ment of fluconazole resistance in C. albicans 


Each of the mechanisms described above car cause 
reduced susceptibility of C. albicans to fluconazole. Several 
studies have shown that multiple mechanisms may be 
combined to result in a stepwise development of flucenazole 
resistance, which ultimately becomes clinically relevant and 
causes therapy failure. For example, White [30] described 
gradual increases in fluconazole resistance in serial solates 
of a C. albicans strain by overexpression of MDRI, ERGII, 
and one or more of the CDR genes, combined wath the 
aquisition of the R467K mutation in ERG11. Sanglard et al. 
[22] found different combinations of ERG// mutatioas with 
overexpression of MDRI, CDRI or CDR2, in other series of 
C. albicans 1solates, and Franz et al. [21] reported twe series 
of clinical C. albicans isolates in which MDRI overexpres- 
sion was combined with either the G464S mutation or 
ERGII overexpression. Combinations of different res.stance 
mechanisms have recently been reported to be respensible 
for fluconazole resistance in the majority of clinical C 
albicans strains studied [24]. It 1s therefore evideat that 
the generation of a highly resistant strain from a highly 
susceptible strain is the result of multiple mechanisms, each 
of which contributes only partially to the resistant 5heno- 
type. Whether a particular alteration creates a clinically 
resistant C. albicans strain therefore depends on the genetic 
background in which this alteration occured, i.e. if the strain 


already exhibited other mutations resulting in decreased 
susceptibility, even when the previous changes did not cause 
a clinically relevant resistance level. For example, some 
ERGII mutations which have been shown experimentally to 
cause fluconazole resistance have also been found in iso- 
lates with MICs in the susceptible range [24], and the 
overexpression of genes encoding efflux pumps is not 
necessarily sufficient to result in clinically relevant resis- 
tance. 


4. The regulation and role of the MDRI gene in C. 
albicans fluconazole resistance 


In the presence of fluconazole, C albicans induces 
expression of the ERGII gene above its normal level, 
presumably in response to ergosterol limitation [21,29]. In 
contrast, the genes encoding efflux pumps, MDRI, CDRI 
and CDR2, are not activated under same conditions [21,29]. 
However, in many fluconazole-resistant clinical C. albicans 
1solates, these genes are constitutively overexpressed, indi- 
cating that mutations must have occurred in these strains 
that abolish the normal regulation of the genes. Such 
mutations could either occur in the promoter region of the 
genes themselves or involve trans-regulatory factors. The 
comparison of the promoter sequences of both MDR/ alleles 
of two matched pairs of clinical C. albicans isolates in 
which fluconazole resistance correlated with constitutitve 
MDRI expression did not reveal promoter mutations that 
might be responsible for MDRI activation in the resistant 
isolates [46]. Direct evidence for the involvement of an 
altered regulatory factor was obtained by integrating a green 
fluorescent protein (GFP) reporter gene under the control of 


Fluconazole 


MIC (ug ml) 





Fig. 2 Minimal mhibitory concentration of fluconazole for the fluconazole- 
susceptible C albicans isolates F2 and G2, the matched resistant isolates F5 
and G5, and the heterozygous (F5M402 and G5M402) and homozygous 
(F5M432 and G5M432) mdr! mutants derived from the resistant isolates. 
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the MDRI promoter from a fluconazole-susceptible C. 
albicans strain at an ectopic site into the genome of the 
two matched pairs of clinical isolates. Although the MDRI 
promoter controlling GFP expression was identical in all 
four reporter strains, only the fluconazole-resistant isolates, 
but not the matched susceptible isolates, expressed the GFP 
[46]. Therefore, the activation of the MDRI gene in these 
fluconazole-resistant isolates must have been caused by 
mutations in regulatory factors, and this is likely to be true 
also for other fluconazole-resistant C. albicans isolates and 
other genes encoding efflux pumps. Several C. albicans 
genes encoding regulatory factors that influence the expres- 
sion of efflux pumps have been identified, for example the 
CAPI gene, which is homologous to YAP1 from S. cerevi- 
siae, or the FCRI, FCR2 and FCR3 genes [47—49]. How- 
ever, there is no evidence so far for these transcriptional 
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regulators being the cause of the constitutive overexpression 
of efflux pumps in clinical C. albicans strains. 

The involvement of regulatory factors in MDRI over- 
expression pointed to the possibility of a simultaneous 
activation of additional genes, including genes encoding 
yet unknown efflux pumps. Therefore, the activation of 
other genes than MDR/ might be the cause of fluconazole 
resistance. In fact, MDRI disruption in C. albicans labo- 
ratory strains did not enhance the susceptibility of the 
mutants to fluconazole [36,37]. However, these strains did 
not detectably express the MDRI in vitro and, as noted 
above, fluconazole also does not induce MDRI expression 
in C. albicans. To assess the contribution of MDRI over- 
expression to fluconazole resistance, it was therefore neces- 
sary to inactivate the gene in fluconazole-resistant, clinical 
C. albicans isolates. Until recently, the gene disruption 


Brefeldin A 





Fig. 3 Susceptibility of the matched fluconazole-susceptible and resistant clinical C albicans isolate pairs (F2/F5 and G2/G5) and the mdr? null mutants 
F5M432 and G5M432 derived from the resistant isolates FS and G5, respectively, to other drugs The enhanced resistance of isolates F5 and G5, as compared 
with F2 and G2, to 4-NQO, cerulenm, and brefeldin A 1s due to MDRI overexpression, because it 1$ abolished by deletion of the MDRI gene The slightly 
increased resistance of F5 and G5 to amorolfine and terbinafine was not affected by MDRI deletion, and therefore, must have been caused by other genomic 
alterations than MDR1 overexpression The susceptibilities of the strains to fluphenazine and benomyl remained unchanged by either MDRI overexpression or 


deletion of the géne m the MDRI overexpressing isolates. 
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approach in C. albicans was confined to auxotroph c ura3 
mutants, but could not conveniently be performed 11 wild- 
type strains [50]. The development of a mutagenesis proce- 
dure that is based on the use of a recyclable, dcminant 
selection marker allowed targeted gene inactivation also in 
clinical C albicans isolates [51]. Disruption of the MDRI 
gene in two different, MDRI overexpressing C. a bicans 
isolates resulted in enhanced susceptibility of the muzants to 
fluconazole, providing direct genetic evidence that MDRI 
. overexpression contributes to fluconazole resistance :n clin- 
ical C. albicans isolates [51] (Fig. 2). 


5, MDRI overexpression mediates multidrug resistance 
in C. albicans 


The results of experiments in which MDR/ overexpres- 
sion in hypersusceptible S. cerevisiae strains corferred 
resistance to a variety of structurally unrelated drags m 
addition to fluconazole suggested that Mdrlp trarsports 
many different toxic substances. Consequently, deleion of 
the MDRI gene in a C. albicans strain that expressed high 
MDRI mRNA levels resulted in an enhanced suscep-ibility 
of the mutant to several of these drugs [52]. Interestingly, 
however, mdr] deletion in this strain had no effect >n the 
susceptibility to benomyl, a drug that was thought to be an 
Mdrip substrate from the heterologous expression s-udies. 
This result was interpreted as C. albicans having other 
resistance mechanisms, presumably efflux systeme that 
compensate for the loss of the MDR1 gene. Clinical C. 
albicans isolates which overexpressed MDR1 werz also 
more resistant to other drugs in addition to flucorazole, 
e.g. 4-nitroquinoline-N-oxide (4-NQO), cerulenin, and bre- 
feldin A, as compared with matched isolates that d d not 
detectably express MDRI ın vitro [53] (Fig. 3) The 
increased resistance was abolished when the MDRI gene 
was deleted from the genome of these isolates, providing 
genetic evidence that MDRI overexpression in clinizal C. 
albicans isolates indeed confers resistance to various, struc- 
turally unrelated drugs [53]. However, MDRI overezpres- 
sion in such clinical isolates did not enhance resistamce to 
some other drugs that were thought to be Mdr1p subs-rates, 
e.g. amorolfine, terbinafine, fluphenazine and benomyd, and 
MDRI deletion did not influence the susceptibility ef the 
strains to these drugs (Fig. 3). Even if C. albicans poszesses 
other mechanisms of resistance to these toxic compounds 
one would expect that, if Mdrlp can transport these sub- 
stances out of the cell, a strong overexpression of MDRI 
should further increase resistance, similar to its contritution 
to fluconazole resistance, which is often mediated by several 
additive mechanisms. These findings, together wita the 
absence of an effect of MDRI deletion, suggests that 
heterologous expression studies may in some cases. give 
misleading results about the substrate spectrum of the efflux 
pumps in C. albicans. The expression of C. albzcans 
membrane proteins in S cerevisiae host strains may alter 


the structure of the cell membrane, especially in strains in 
which one or several of their own genes encoding mem- 
brane proteins were deleted, and these alterations might 
indirectly influence the susceptibility of the cells to toxic 
compounds. As mentioned above, such alterations in mem- 
brane structure have been observed after overexpression of 
the CDR/ gene in S cerevisiae [44]. It should also be noted 
that no direct proof has yet been provided that the C. 
albicans efflux pumps bind and transport antifungal drugs. 
Whatever the mechanism is, there is now convincing 
evidence that the overexpression of MDRI, and also the 
CDRI and CDR2 genes, contributes to the fluconazole- 
resistant phenotype of climcal C. albicans isolates. 


6. Conclusions and perspectives 


Considerable efforts have been undertaken m the past 
years to unravel the molecular mechanisms of fluconazole 
resistance in C. albicans, and this knowledge should help to 
devise strategies to overcome the resistance problem. Muta- 
tions resulting in reduced affinity of the target enzyme 
14DM to fluconazole have been uncovered, but the precise 
way how the amino acid exchanges influence the binding of 
the drug can only be fully understood when more structural 
information on wild-type and mutated enzymes becomes 
available. This information may allow the design of drug 
derivatives whose binding is not affected by the resistance 
mutations. 

The development of efflux pump inhibitors that could be 
used in combination with fluconazole is a promising strat- 
egy to abolish resistance of strains overexpressing these 
transporters [54]. Interestingly, S. cerevisiae transformants 
expressing CDRI from C. albicans exhibited increased 
sensitivity to peptidic antifungals and other drugs [34,55]. 
Although similar findings have not been reported for CDR1 
overexpressing C albicans, these observations suggest that 
the development of drug resistance may also create new 
vulnerable sites which may be exploited to preferentially 
attack fluconazole-resistant strams. The mutations respon- 
sible for overexpression of the genes encoding efflux pumps 
in fluconazole-resistant clinical C albicans isolates are still 
unknown, but presumably involve alterations in regulatory 
protems [46]. The elucidation of the regulatory pathways 
controlling expression of these genes may provide a ration- 
ale basis for approaches to interfere with their activation and 
thus overcome resistance. 

Mutations resulting in drug resistance provide a selective 
advantage in the presence of the drug. However, some of the 
described alterations might reduce the fitness of the resistant 
strains under non-selective conditions, for example ERGI 
mutations that also lower 14DM activity [26,27] or the 
unregulated expression of genes encoding efflux pumps, 
which 1s tightly controlled in the parental strains [46]. Some 
fluconazole-resistant isolates in fact exhibit reduced viru- 
lence, but virulence may also remain unaltered or even be 
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increased [56,57]. Fluconazole-resistant strains can loose 
the resistant phenotype during propagation in drug-free 
medium, arguing for a selective disadvantage of some 
resistance mutations [42]. On the other hand, it was recently 
also demonstrated that the costs of resistance can be over- 
come during further evolution of in vitro generated fluco- 
nazole-resistant C. albicans strains [58]. It will be 
interesting to test whether clinical C. albicans having differ- 
ent resistance mutations may display a reduced fitness as 
compared with their drug-sensitive parents within the com- 
plex environment of the host. Adequate treatment strategies 
might reduce the frequency of resistant strains [59]. An 
important research area also is the intrinsic resistance of C. 
albicans to fluconazole when the organism grows as a 
biofilm [60-62]. The basis of biofilm resistance, which 
seems to be independent of the expression of efflux pumps 
[63], and its implications for the treatment of Candida 
infections remain to be elucidated. 


Acknowledgements 


The author’s work is supported by grants from the 
Deutsche Forschungsgemeinschaft (DFG grants MO846/2 
and MO846/3). 


References 


[1] S.L Kelly, A. Arnoldi, D.E Kelly, Biochem Soc Trans. 21 (1993) 
1034-1038 

[2] JH Rex, MG Rinaldi, M.A. Pfaller, Antimicrob. Agents Chemother. 
39 (1995) 1—8. 

[3] M. Ruhnke, A Eigler, I. Tennagen, B Geiseler, E. Engelmann, M 
Trautmann, J Clin. Microbiol 32 (1994) 2092-2098 

[4] T C. White, K A. Marr, R.A. Bowden, Clin. Microbiol. Rev. 11 (1998) 
382—402 

[5] SR Lockhart, J J. Fritch, A.A. Meier, K Schróppel, T Srikantha, R 
Galask, D.R. Soll, J. Clin. Microbiol. 33 (1995) 1501—1509 

[6] A. Schoofs, FC. Odds, R. Colebunders, M. Ieven, L. Wouters, H. 
Goossens, Antimicrob. Agents Chemother. 41 (1997) 1625—1635 

[7] F. Barchies, D Arzen, MS Del Prete, A. Smicco, L Falcon Di 
Francesco, M.B Pasticci, L Lamura, M M. Nuzzo, F Burzacchini, 
S Coppola, F Chiodo, G Scalise, J Antimicrob Chemother 41 
(1998) 541—548. 

[8] J.L. Lopez-Ribot, R.K McAtee, S. Perea, W.R. Kirkpatrick, MG 
Rinaldi, TF Patterson, Antimicrob Agents Chemother. 43 (1999) 
1621—1630. 

[9] K Schroppel, M. Rotman, R. Galask, K Mac, DR. Soll, J Clin. 
Microbiol 32 (1994) 2646—2654 

[10] L Mallon, A. Manteaux, G Reboux, C Drobacheff, M Monod, T. 
Barale, Y Michel-Briand, J Clin. Microbiol 32 (1994) 1115- 
1118. 

[11] R. Franz, M. Ruhnke, J Morschhauser, Mycoses 42 (1999) 453—458. 

[12] SL. Kelly, D.C Lamb, D.E. Kelly, N.J Manning, J Loeffler, H 
Hebart, U. Schumacher, H. Emsele, FEBS Lett. 400 (1997) 80—82. 

[13] S.L. Kelly, D.C. Lamb, D E. Kelly, J. Lóffler, H Einsele, Lancet 348 
(1996) 1523—1524 

[14] FS. Nolte, T Parkinson, D J. Falconer, S Dix, J Williams, C. Gilmore, 
R Geller, JR Wingard, Antimicrob Agents Chemother. 41 (1997) 
196—199. : 


[15] T. Miyazaki, Y Miyazaki, H Kakeya, H Miyazaki, K. Nakamura, 
S Kohno, Abstracts to the 41st Interscience Conference on Antimt- 
crobial Agents and Chemotherapy, Abstract J-1840. Chicago, IL 
(2001) 

[16] J. Loffler, S.L Kelly, H. Hebart, U. Schumacher, C. Lass-Florl, H. 
Einsele, FEMS Microbiol. Lett. 151 (1997) 263—268 

[17] K Asa, N Tsuchimori, K. Okonogi, J.R. Perfect, O. Gotoh, Y Yosh- 
ida, Antimicrob. Agents Chemother. 43 (1999) 1163—1169 

[18] P. Marchal, L Koymans, S. Willemsens, D. Bellens, P Verhasselt, W 
Luyten, M. Borgers, FC Ramaekers, FC. Odds, H.V. Bossche, Mi- 
crobiology 145 (1999) 2701-2713 

[19] B Favre, M Didmon, N.S Ryder, Microbiology 145 (1999) 2715— 
2725. 

[20] T C. White, Antimicrob. Agents Chemother 41 (1997) 1488— 1494. 
[21] R. Franz, S L. Kelly, D C. Lamb, DE Kelly, M Ruhnke, J. Morsch- 
hauser, Antimicrob. Agents Chemother 42 (1998) 3065—3072. 

[22] D Sanglard, F Ischer, L Koymans, J Bille, Antimicrob. Agents 
Chemother. 42 (1998) 241—253. 

[23] H Kakeya, Y. Miyazaki, H. Miyazaki, K. Nyswaner, B. Grimberg, 
J.E. Bennett, Antimicrob Agents Chemother 44 (2000) 2985—2990. 

[24] S. Perea, J.L. Lopez-Ribot, W.R. Kirkpatrick, R.K. McAtee, R.A. 
Santillan, M Martinez, D Calabrese, D. Sanglard, TF. Patterson, 
Antimicrob Agents Chemother 45 (2001) 2676-2684 

[25] S L. Kelly, D C. Lamb, D.E. Kelly, FEMS Microbiol Lett. 180 (1999) 
171-175. 

[26] S.L. Kelly, D.C. Lamb, J Loeffler, H. Einsele, D E. Kelly, Biochem 
Biophys Res. Commun 262 (1999) 174—179 

[27] D C. Lamb, D.E. Kelly, T C. White, S L. Kelly, Antimicrob. Agents 
Chemother 44 (2000) 63—67. 

[28] D.C Lamb, DE. Kelly, W.H. Schunck, A Z Shyadehi, M. Akhtar, 
DJ. Lowe, BC Baldwm, SL Kelly, J. Biol Chem. 272 (1997) 
5682—5688. 

[29] G.D. Albertson, M. Numi, R.D. Cannon, H F. Jenkinson, Antimicrob. 
Agents Chemother. 40 (1996) 2835-2841 

[30] TC White, Antimicrob Agents Chemother 41 (1997) 1482-1487 

[31] H Nakayama, N. Nakayama, M Arnsawa, Y. Aoki, Antimicrob. 
Agents Chemother 45 (2001) 3037—3045 

[32] ME Fling, J. Kopf, A Tamarkm, JA Gorman, H.A. Smith, Y 
Koltin, Mol. Gen Genet 227 (1991) 318—329 

[33] R. Ben-Yaacov, S. Knoller, G.A Caldwell, J M. Becker, Y Koltm, 
Antimicrob. Agents Chemother 38 (1994) 648—652 

[34] R. Prasad, P De Wergifosse, A. Goffeau, E. Balzi, Curr. Genet. 27 
(1995) 320—329 

[35] D. Sanglard, K Kuchler, F Ischer, JL Pagani, M. Monod, J Bille, 
Antimicrob. Agents Chemother. 39 (1995) 2378—2386. 

[36] D Sanglard, F. Ischer, M Monod, J Bille, Antimicrob. Agents Che- 
mother 40 (1996) 2300—2305. 

[37] J Morschhauser, S. Michel, P. Staib, Mol. Microbiol 32 (1999) 547— 
556 

[38] D. Sanglard, F. Ischer, M. Monod, J Bille, Microbiology 143 (1997) 
405—416 

[39] I Balan, AM Alarco, M. Raymond, J. Bacteriol. 179 (1997) 7210— 
7218 

[40] R. Franz, S. Michel, J Morschhauser, Gene 220 (1998) 91—98 

[41] D. Calabrese, J. Bille, D Sanglard, Microbiology 146 (2000) 2743— 
2754 

[42] K.A Marr, C.N. Lyons, K Ha, T.R Rustad, T.C. White, Antimicrob. 
Agents Chemother. 45 (2001) 52—59 

[43] J.L. Lopez-Ribot, R.K McAtee, L.N. Lee, WR. Kirkpatrick, TC 
White, D. Sanglard, TF Patterson, Antimicrob. Agents Chemother 
42 (1998) 2932-2937. 

[44] S Dogra, S. Krishnamurthy, V Gupta, BL Dixit, C M. Gupta, D 
Sanglard, R. Prasad, Yeast 15 (1999) 111—121. 

[45] C.A. Hitchcock, K.J. Barrett-Bee, N.J. Russell, J. Gen Microbiol. 132 
(1986) 2421—2431. 

[46] S. Wirsching, S. Michel, G Kohler, J. Morschhauser, J Bacteriol 182 
(2000) 400—404 


248 J Morschhauser / Biochimica et Biophysica Acta 1587 (2002) 240-248 


[47] AM Alarco, I Balan, D. Talib, N Manville, M Raymond, J Biol. 
Chem. 272 (1997) 19304— 19313. 

[48] A.M. Alarco, M Raymond, J. Bacteriol 181 (1999) 700—708 

[49] D Talibi, M Raymond, J Bacteriol 181 (1999) 231—240 

[50] WA Fonzi, M Y. Irwin, Genetics 134 (1993) 717—728 

[51] S Wirsching, S. Michel, J Morschhauser, Mol. Microbiol. 36 (2000) 
856—865 

[52] M Goldway, D. Teff, R Schmidt, A.B Oppenheim, Y. Koltn, Anti- 
mucrob Agents Chemother 39 (1995) 422—426. 

[53] S Wirsching, G P Moran, D J. Sullivan, D.C Coleman, J Morsch- 
háuser, Antimicrob. Agents Chemother. 45 (2001) 3416—3421 

[54] M D Lee, J L. Galazzo, A L. Staley, J C. Lee, M.S Warren, H Fuern- 
kranz, S Chamberland, O. Lomovskaya, GH Miller, Farmaco 56 
(2001) 81—85. 

[55] S Milewski, F Mignim, R Prasad, E Borowski, Antimicrob Agents 
Chemother 45 (2001) 223—228 

[56] JR Graybill, E. Montalbo, W.R Kirkpatrick, M F. Luther, SG Re- 
vankar, TF Patterson, Antimicrob. Agents Chemother 42 (1998) 
2938-2942. 


[57] K Fekete-Forgacs, L Gyure, B Lenkey, Mycoses 43 (2000) 273— 
279. 

[58] L.E Cowen, L.M. Kohn, J.B Anderson, J Bacteriol. 183 (2001) 
2971-2978. 

[59] J. Lopez, C. Perot, S Aho, D. Caillot, O Vagner, F Dalle, M.J 
Durnet-Archeray, P Chavanet, A. Bonnin, J. Hosp Infect 48 
(2001) 122-128 

[60] S P. Hawser, L J Douglas, Antimicrob. Agents Chemother 39 (1995) 
2128-2131. 

[61] G. Ramage, K Vande Walle, B.L. Wickes, J.L. Lopez-Ribot, Anti- 
mucrob. Agents Chemother 45 (2001) 2475—2479 

[62] J Chandra, D M. Kuhn, P.K Mukherjee, L L Hoyer, T. McCormick, 
MA. Ghannoum, J Bacteriol 183 (2001) 5385—5394 

[63] S.P Bachmann, TF Patterson, BL Wickes, JL Lopez-Ribot, Ab- 
stracts to the 41st Interscience Conference on Antumicrobial Agents 
and Chemotherapy, Abstract J-119, p. 362 Chicago, IL (2001). 

[64] BA Lasker, LS. Page, TJ Lott, G.S Kobayashi, Gene 116 (1992) 
51-57 





Biochimica et Biophysica Acta 1587 (2002) 249—257 


BIOCHIMICA ET BIOPHYSICA ACTA 


BB! 


www bba-direct com 


Review 


Inhibitors of dihydrofolate reductase in leishmania and trypanosomes 


Ian H. Gilbert* 


Weish School of Pharmacy, Cardiff University, Redwood Building, King Edward VII Avenue, Cardiff, CF10 3XF, UK 


Received 24 January 2002, accepted 24 January 2002 





Abstract 


The protozoan diseases leishmaniasis, Chagas’ disease and African trypanosomiasis are major health problems in many countries, 
particularly developing countries, and there are few drugs available to treat these diseases. Dihydrofolate reductase (DHFR) inhibitors have 
been used successfully in the treatment of a number of other diseases such as cancer, malaria and bacterial infections; however they have not 
been used for the treatment of these diseases. This article summarises studies on leishmanial and trypanosomal DHFR inhibitor development 
and evaluation. Possible mechanisms of resistance to DHFR inhibitors are also discussed. © 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Leishmaniasis, African trypanosomiasis (sleeping sick- 
ness) and Chagas' disease are major causes of mortality and 
cause much economic hardship, particularly in the develop- 
ing world. The World Health Organisation estimates that 
millions of people are infected, or are at risk, from these 
diseases [1]. In addition, leishmaniasis is increasingly a 
complication with AIDS patients. Unfortunately, there are 
few drugs available to treat these diseases and most of these 
suffer from poor clinical efficacy, unwanted effects, and 
require parenteral administration, which is not appropriate in 
rural areas. The situation is made more serious by reports of 
treatment failures of the existing drugs, for example, mel- 
arsoprol for the treatment of African trypanosomiasis. 

Dihydrofolate reductase (DHFR) is a key enzyme in folate 
metabolism and, therefore, in the production of thymidine 
[2,3]. Its role in thymidine biosynthesis is the reduction of 
dihydrofolate to tetrahydrofolate using the cofactor NADPH 
(Fig. 1). Following this reduction, tetrahydrofolate is meth- 


Abbreviations DHFR, dihydrofolate reductase, DHFR-TS, dihydrofo- 
late reductase-thymidylate synthase; (UMP, deoxyuridine monophosphate, 
ECsp, the effective concentration of a compound to produce a therapeutic 
effect in 50% of the sample, ICs, the concentration of compound which 
gives 50% inhibition of an enzyme, QSAR, quantitative structure activity 
relationship; TMP, thymidine monophosphate; TDso, the effective concen- 
tration of a compound to kill 50% of the host cells, TS, thymudylate 
synthase 
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enylated to form methylene-tetrahydrofolate, which then 
methylates deoxyuridine monophosphate (dUMP) to give 
TMP in a reaction catalysed by thymidylate synthase (TS) 
(Fig. 1). During this reaction, methylene-tetrahydrofolate is 
converted back to dihydrofolate, completing the cycle. There- 
fore, inhibition of DHFR prevents biosynthesis of thymidine, 
and as a consequence, DNA biosynthesis. In addition, inhib- 
ition of DHFR probably leads to a buildup in levels of (UMP 
and hence to a biosynthetic precursor, deoxyuridine triphos- 
phate [4]. High levels of deoxyuridine triphosphate lead to 
incorporation of uracil into DNA to levels beyond which the 
DNA. repair enzymes (uracil-DNA-glycosylase) can cope, 
leading to cell death. 


2. Background to the diseases 


The parasites that cause leishmaniasis, African trypano- 
somiasis and Chagas' disease are protozoan parasites of the 
order kinetoplastida [5,6]. They are all transmitted to the 
human host by various vectors (see below) and have 
complex life cycles; each stage of which has different 
morphologies and different metabolic properties. The para- 
sites are phylogenetically related and share many similar- 
ities, but there are also significant differences between them. 

Leishmaniasis is caused by various species and subspe- 
cies of Leishmania, of which the most important include 
subspecies of Leishmania donovani, Leishmania tropica, 
Leishmania mexicana and Leishmania braziliensis. These 
cause a variety of diseases in humans. The diseases found 
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Fig 1. The reaction carried out by DHFR the reduction of dihydrofolate to tetrahydrofolate (shown 1n the box); and the role of this reaction in the folate- 


mediated production of TMP from dUMP 


are: cutaneous leishmaniasis, which can vary from small 
self-healing skin lesions to a more widespread and disfigur- 
ing condition; mucocutaneous leishmaniasis, which leads to 
highly disfiguring lesions of the mouth, nose and throat; and 
visceral leishmaniasis, which is a systemic infection that 1s 
usually fatal if not treated, with the parasites multiplying 
within macrophages, giving rise to damage of the liver, 
spleen, bone marrow and lymph nodes. The parasite is 
found in the vector stage (the sandfly) as the promastigote 
and in the human host as an amastigote in acidic phagoly- 
somes within macrophages. 

African trypanosomiasis in humans is caused by two 
subspecies of Trypanosoma brucei: T. b. rhodesiense and T: 
b. gambiense. The parasites live in the bloodstream and 
invade the central nervous system giving rise to the neuro- 
logical symptoms of African trypanosomiasis and eventu- 
ally to death unless the disease is treated. The human form 
of the life cycle is the trypomastigote and the vector stage 
(tsetse fly) is the epimastigote. 

Chagas’ disease is caused by the parasite Trypanosoma 
cruzi. The parasite is found in the vector (reduviid bug) as 


an epimastigote and in the human host as an intracellular 
amastigote. The disease causes a chronic infection in 
humans, with particular effects on the heart, colon, oeso- 
phagus and peripheral nervous system. There is a high death 
rate amongst children. 


3. The parasite enzyme 
3.1. Characterisation 


DHFR has been cloned and over-expressed from Leish- 
mania major, [7,8] T. cruzi [9] and T. brucei [10]. These 
enzymes show high sequence identity, especially the T. 
brucei and T cruzi enzymes (Table 1). The enzyme is actually 
a bi-functional dimeric enzyme linked to TS (Fig. 2). This isa 
common occurrence amongst protozoa, in contrast to the 
situation in mammalian and bacterial cells where the enzyme 
is a monomer [11]. Gene knockout experiments have shown 
the enzyme to be essential in Leishmania, at least in the 
promastigote stage of the life cycle [12]. 
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Table 1 
Sequence alignment (percentage identity) of DHFR from different 
organisms 


L major T cruzi T brucei E coh 
Human 26 27 26 27 
L mayor 50 46 24 
T cruzi 58 26 
T. brucei . 23 


Modified from Ref. [14] with permission 


3.2. Structural data 


The enzyme from L. major has been crystallised by 
Knighton et al. [13] and homology models have been 
produced of the T. brucei and T. cruzi enzymes [14]. 
Detailed analysis [14] and comparison of the structures of 
the L. major, human and bacterial enzymes, and the homol- 
ogy models of the T. brucei and T. cruzi enzymes, suggests 
the following: 

e The L. major, T. brucei and T. cruzi enzymes show high 
structural similarity. 

e The three protozoan enzymes show structural differ- 
ences from the human and bacterial enzymes. 

e The three-dimensional shapes of the parasite enzyme 
folate binding sites are slightly different to the correspond- 
ing human active sites. Points of particular difference are: a 
slightly larger binding pocket in the region where the 
benzamide moiety of the substrate binds in the case of the 
trypanosomal and leishmanial enzymes; and a small tunnel 
under the pteridine ring in the case of the trypanosomal 
enzymes. 

e Differences in residues in the active sites (Table 2, Fig. 
3). 

It may be possible to exploit these differences between the 
parasite and human enzymes to design selective inhibitors. 


Thymidylate T 





Lys57 





Met53 
Methotrexate 


Glu43 


Fig 3 Part of the active site of the L major DHFR. This figure shows the 
location of methotrexate and those residues in the active site of L, mayor 
DHFR which are not homologous to the corresponding residues in human 
DHFR (Glu43, Ser44, Met53, Lys57, Phe91) 


Knighton et al. [13] studied the crystal structure of the bi- 
functional DHFR-TS enzyme and concluded that there is 
substrate channelling between the DHFR and TS domains of 
the enzyme, by a positively charged electrostatic channel on 
the protein surface, which interacts with the negatively 
charged substrate. Liang and Anderson [15] have done 
detailed kinetic analysis, which supports this model and, 
in addition, they suggest that there may be interaction 
between the DHFR and TS domains. 


Thymidylate synthase 


Fig. 2. À representation of the crystal structure of L. major DHFR-TS prepared by Web-lab Viewer The enzyme 1s a symmetrical dimer of TS and DHFR. 
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4. Inhibitors of parasite DHFR 


4 1. Trimethoprim, cycloguanil, pyrimethamine and metho- 
trexate: known DHFR inhibitors 


Classical anti-microbial DHFR inhibitors, such as pyr- 
imethamine and trimethoprim (Fig. 4) are, in general, not 
very selective for the analogous leishmanial and trypanoso- 
mal enzymes. Thus, trimethoprim (K,= 0.12 uM), pyrimeth- 
amine (K,=0.25 uM) and cycloguanil (K,=5.8 uM) are 
only weakly active against L. major DHFR. Pyrimethamine 
is weakly selective for the human, relative to the parasite 
enzyme (1- to 2-fold). Trimethoprim has been reported as 
weakly selective for either the L. major or human enzyme. 
There is weak inhibition and selectivity of trimethoprim 
(K,=1 uM, selectivity 1- to 30-fold) and pyrimethamine 
(K,=0.1 uM, no selectivity) for the T: cruzi enzyme. In the 
case of T. brucei, trimethoprim (K,=0.01 uM, selectivity 
134- to 600-fold) and pyrimethamine (K,=0.01 uM, selec- 
tivity 10-fold) were more selective for the parasite enzyme 
[10, 16-18]. 

Trimethoprim, pyrimethamine and cycloguanil are 
weakly active against L major promastigotes (ECs) = 175, 
32, 7500 uM, respectively) and L. donovani amastigotes 
(EC59= 160, 34, >100 uM, respectively) [16,19]. In rodent 
models of leishmaniasis, Peters et al. [20] reported that 
activity was species-specific; trimethoprim exhibited some 
activity against infection by L. major, cycloguanil had some 
activity against infection by Leishmania infantum, while 
pyrimethamine exhibited poor activity. 


NH 
Cl 2 
NH> 
NS 
NX B > 
PURS HjN^^N 
HN N 


methotrexate 


trimethoprim 


Methotrexate, a potent inhibıtor of DHFR, ıs 8-fold 
selective for the L. major DHFR, and also showed activity 
against L. major promastigotes (ECso = 0.3 uM) [12]. Scott 
et al. [21] investigated the activity of methotrexate against 
promastigotes from various species of Leishmania (L. 
major, L. donovani, L. m mexicana) and found L. major 
most susceptible. Methotrexate has been reported as a potent 
inhibitor of the T. cruzi enzyme (K, = 0.038 nM), but it is 
poorly active against the amastigotes (EC5ọ=9.2 uM) 
[18,22]. 


4.2. Novel DHFR inhibitors 


Relatively little has been reported on the development of 
specific inhibitors of leishmanial and trypanosome DHFR. 

Coombs’ group [21,23] investigated some 5-substituted 
2,4-diaminopyrimidines that were good inhibitors of L. m. 
mexicana DHFR in crude extracts of the enzyme 
(IC59 =0.2—2 uM) and showed activity against the promas- 
tigotes (ECs59 = 12—24 uM) (Fig. 5). One of the compounds 
was studied further in amastigotes, where it showed some 
activity at concentrations below that at which it killed the 
host macrophages. However, in a mouse study, the com- 
pound was too toxic to warrant further study. 

Quantitative structure activity relationship (QSAR) anal- 
ysis was carried out on the inhibition of L. major [24] and 
human [25] DHFR for a series of triazines of the general 
structures shown in Fig. 6(a),(b). Compounds with lip- 
ophilic substituents (X) showed greater activity than com- 
pounds with polar substituents. However, few compounds 
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Fig 4 Some clinically used DHFR inhibitors pyrimethamine and cycloguantl as anti-malarrals, trimethoprim as anti-bacterial; and methotrexate as anti-cancer 
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Fig 5. A series of 2,4-diaminopyrimidines showing activity against Leishmania DHFR [21,23] 


showed selectivity for the Leishmania enzyme over the 
human enzyme, notable exceptions being when X=nonyl, 
dodecyl and CH5O-1-napthyl. Some of the compounds were 
assayed for activity against L. major promastigotes and 
showed activities varying from 1 to 500 uM. 

Sirawaraporn et al. [16] studied a series of substituted 5- 
benzyl-2,4-diaminopyrimidines, some of which showed 
selectivity for the L. major DHFR in enzyme assays and 
moderate activity against L. major promastigotes and L. 
donovani amastigotes. The most active and selective com- 
pound in the enzyme assay experiments was the 8-octyloxy 
derivative (n = 8, Fig. 6(c)), with a selectivity of 130-fold for 


(a) 
Bd 
b4 N x 
HN SN 
(b) 
NH; 
WN £ Ss, 
ae d 
(c) 


Fig. 6. Compounds (a) and (b) are the basic structures used for QSAR 
analysis by Booth et al. [24] and Hathaway et al. [25] Compound (c) is the 
basic structure studied by Sirawaraporn et al [16] and Chowdhury et al. 
[17] 


the L. major DHFR and EC.o against L. major promasti- 
gotes of 5.6 uM and L. donovani amastigotes of 4.6 uM. 

A detailed structure-activity study on these alkyl-substi- 
tuted 5-benzyl-2,4-diaminopyrimidines (Fig. 6(c)) was 
undertaken by Chowdhury et al. [17]. They varied the 
length of the substituent chain from hydrogen to decyl 
(n —0 to n — 10) and also extended the study to include both 
T. cruzi and T. brucei. Optimum activity and selectivity 
against L. major, T. cruzi and T. brucei DHFR was found for 
compounds with a chain length of 2—6 carbon atoms. The 
maximum selectivities of these compounds, compared to the 
human enzyme, were 20-, 5- and 250-fold, respectively, and 
inhibition constants were 0.13, 0.22 and 0.01 uM, respec- 
tively. These compounds were modelled in the active sites 
of the L. major and human enzymes. In the L. major 
enzyme, the alkyl chain of the substituent appears to interact 
with a phenylalanine residue in the enzyme active site. This 
interaction appears to be optimal for a chain length of 4—6 
carbon atoms. As the alkyl chain length increases further, 
the alkyl substituent appears to move away from the Phe 
residue, decreasing the interaction and offering a possible 
explanation for the optimal activity. This model can also 
explain the selectivity of the compounds. In the human 
enzyme, the phenylalanine is replaced by asparagine (Table 
2) [14], which does not interact with the alkyl chain. 


Table 2 
Differences in residues in the folate binding sites of human and 
trypanosomal and leishmanial DHFR 


Human L major T cruzi T brucei — Interaction with 

Residue residue residue residue folate 

Gly20 Glu43 Arg39 Gly45 pteridine/NADPH 

Asp21 Ser44 Ser40 Thr46 pteridine/NADPH 

Phe31 Met53 Met49 Met55 pteridine/benzamidine/ 
glutamate 

Gln35 Lys57 Arg53 Arg59 glutamate 

Asn64 Phe91 Phe88 Phe94 glutamate 


The portion of the substrate with which residues mteract 1s indicated as 
pteridine, benzamidine, and glutamate Modified from Ref. [14] with 
permission. 
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DHFR: 45% inhibition at 0.23uM 
ECsg (amastigotes): 0.04nM 
TDso: 15.2uM 


DHFR 41% inhibition at 0.224M 
ECsc (amastigotes): 0.26nM 
TDso 3.64M 


DHFR: 48% inhibition at 0.27uM 
ECso (amastigotes): 25nM 
TDso: 17.9uM 


Fig 7. Examples of 2,4-diaminoquinazolines tested by Berman et z [26] The activities against the enzyme, L major amastigotes cultured in macrophages and 
cellular toxicity values (agamst macrophages) are given for the nost active compounds 
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Fig. 8. Quinazolmes and 2,4-diamine-pyrumidines showing activity against L. major DHFR [12] 
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Fig 9 Differences m the actrve site between the humar and T' cruzi enzymes used by Zuccotto et al. [22] to design novel inhibitors 
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Fig. 10. Examples of novel inhibitors of L major (a) and T cruzi (b) DHFR 


identified by database mining using DOCK 3.5 [30,31] 


These substituted 5-benzyl-2,4-diaminopyrimidines 
showed in vitro activity against 7. cruzi amastigotes and 
T. brucei trypomastigotes, with the best activity being found 
for chain lengths of 6—10 carbon atoms (Fig. 6(c)). The 
most active compounds gave 100% inhibition of growth of 
T. cruzi amastigotes at 3 uM and an ECsp of 1 uM against T 
brucei trypomastigotes. The cham length for optimum 
activity against the intact parasites (6—10 carbon atoms) 
does not correspond to that for optimum activity against the 
enzyme (2—6 carbon atoms). This suggests that inhibition of 
DHFR is not the only factor for activity against the parasite. 
The compounds were generally inactive against L. infantum 
amastigotes. In rodent models of African trypanosomiasis, 
several of the 5-benzyl-2,4-diaminopyrimidines showed a 
marginal effect, while against a rodent model of Chagas' 
disease, the compounds were inactive. 

Some 2,4-diaminoquinazolines investigated by Berman 
et al. [26] showed reasonable inhibition of DHFR isolated 
from L. mexicana promastigotes (Fig. 7). The compounds 
also showed very potent activity against L. major amasti- 
gotes cultured in human macrophages (ED;o-0.04—25 
nM), and a large therapeutic index compared to uninfected 


biopterin 


dihydrobiopterin 


macrophages. However, there was little correlation between 
inhibition of DHFR and activity against the L. major 
amastigotes, suggesting an alternate mode(s) of action, other 
than or in addition to inhibition of DHFR, may be operating 
with these compounds. In the case of T. cruzi, some 2,4- 
diaminoquinazolines showed good activity against the 
amastigote form [27,28] and were able to prolong the life 
of infected mice, but not to give a radical cure [29]. 

Hardy et al. [12] screened a set of pteridines, quinazo- 
lines and pyrimidines against L. major and human DHFR 
and against L. major promastigotes (for representative 
structures see Fig. 8). Generally, compounds that showed 
good inhibition of DHFR were active against the L. major 
promastigotes and conversely those which showed poor 
activity against the DHFR were also poorly active against 
the promastigotes. Some of the compounds also showed 
reasonable levels of selectivity for the L. major enzyme over 
the human enzyme; the most potent and selective com- 
pounds were some quinazolines and a pyrimidine (Fig. 8). 
However, some of these compounds were also active in L 
major promastigotes that lacked the enzyme DHFR-TS 
suggesting that they might have (an) additional enzymatic 
targets within the cell. 

Zuccotto et al. [22] used differences in the structures of the 
T. cruzi and human DHFRs to design a series of selective 
inhibitors of the F. cruzi enzyme. In the human enzyme, the 
channel linking the folate to the NADPH binding sites 
contains the sequence Gly20—Asp21, which is overall neg- 
atively charged. In contrast, the T. cruzi enzyme contains the 
sequence Arg39—Ser40, which 1s overall positively charged 
(Table 2). Modelling suggested substitution of a negatively 
charged substituent on methotrexate should lead to repulsion 
with Asp21 in the case of the human enzyme and possibly 
attraction in the case of the T. cruzi enzyme (Fig. 9). The 
compounds did appear to have increased selectivity for the 
parasite enzyme but unfortunately showed weak in vitro 


. activity against T. cruzi amastigotes. 


An approach to discover novel parasite DHFR inhibitors 
using database mining has been reported by Chowdhury et 
al. [30] and Zuccotto et al. [31] who used the programme 
DOCK 3.5 [32] to search the Cambridge Structural Data- 
base. The goal of their research was to find DHFR inhibitors 
that were not based on the 2,4-diaminopyrimidine motif. 
Chowdhury et al. [30] used the L. major active site for 
docking and identified compounds with weak activity 
against both the enzyme and parasite (ECsp = 20—60 uM). 


tetrahydrobiopterin 


Fig. 11. Reduction of biopterin by ptr 
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It is not known whether this anti-parasitic activity i: due to 
inhibition of DHFR (Fig. 10(a)). Zuccotto et al. [31] found 
one particular compound that had activity against T cruzi 
DHFR (Fig. 10(b)) and also showed good activity against T. 
brucei trypomastigotes (ECs, 73.6 uM). 


5. Resistance 


There are a number of possible mechanisms of resistance 
to DHFR mhibitors in Leishmania which imclude over- 
expression of the enzyme DHFR-TS and over-expression 
of the enzyme pirl. 

ptrl is an enzyme involved in the reduction of biorterin to 
dihydrobiopterin and terahydrobiopterin (Fig. 11) [3=,34]. It 
has been shown that this enzyme can also reduce dihzdrofo- 
late to tetrahydrofolate, although the enzyme is structurally 
unrelated to DHFR. Under normal conditions, the majority of 
reduction of dihydrofolate to tetrahydrofolate is carried out 
by DHFR. However, should prr] be over-expressed (which 
has been demonstrated in laboratory models of resistance 
[35]), then this enzyme could substitute, albeit much less 
efficiently, for DHFR [36]. It has been shown that while it is 
probable that ptr] could not fully replace the role of DAFR, it 
is important in reducing the sensitivity of Leishmenia to 
antifolates [37]. Compounds that inhibit both DHFR aad pir] 
may make prospects as drug candidates [12]. While tere are 
differences in substrate specificity between DHFR am pir, 
some compounds inhibit both well. The presence of p*r1 has 
been shown in L. major promastigotes and more recently in L 
mexicana amastigotes [38]. This contrasts to the situetion in 
T. cruzi where levels of ptr] are not detectable in the 
amastigote stage, although the enzyme is expressed in the 
epimastigote (vector) form [39]. 

A recent publication by Beverley's group [40] showed 
that ptr] knockouts are in fact more virulent against mouse 
models of leishmaniasis than the wild-type, and they sug- 
gest that targeting of ptr] on its own is not a suitabE drug 
target. 


6. Conclusions 


DHFR is a drug target that has not been fully inves-igated 
in the protozoan parasites Leishmania and Trypancsoma. 
The structure of the enzyme and the enzyme speciftity is 
significantly different from that of the human eazyme 
suggesting the possibility of selective drug design. How- 
ever, clinical DHFR inhibitors in current use are not suitable 
for treatment of the diseases caused by Leishmaneza and 
Trypanosoma. Hence, there is need for development cf new, 
selective inhibitors, which are active in vivo. Several 
potential mechanisms of resistance have been discovered, 
including the enzyme ptr/. In order to avoid this meckanism 
of resistance, it may be necessary to inhibit ptr] in acdition 
to DHFR. 
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Abstract 


Virtually all the compounds that are currently used, or are subject of advanced clinical trials, for the treatment of human 
immunodeficiency virus (HIV) infections, belong to one of the following classes: (1) nucleoside/nucleotide reverse transcriptase inhibitors 
(NRTIs) 1e zidovudine (AZT), didanosine (ddl), zalcitabine (ddC), stavudine (d4T), lamivudine (3TC), abacavir (ABC), emtricitabine 
[(—)FTC], tenofovir disoproxil fumarate; (11) non-nucleoside reverse transcriptase inhibitors (NNRTIs): ie. nevirapine, delavirdine, 
efavirenz, emivirine, and (1i1) protease inhibitors (PIs): 1.e. saquinavir, ritonavir, indmavu, nelfinavir, amprenavir and lopmavir In addition to 
the reverse transcriptase (RT) and protease reaction, various other events m the HIV replicative cycle can be considered as potential targets for 
chemotherapeutic intervention: (i) viral adsorption, through binding to the viral envelope glycoprotein gp120 (polysulfates, polysulfonates, 
polycarboxylates, polyoxometalates, polynucleotides, and negatively charged albumins); (1) viral entry, through blockade of the viral 
coreceptors CXCR4 [bicyclam (AMD3100) derivatives] and CCR5 (TAK-779 derivatives); (iii) virus—cell fusion, through binding to the 
viral envelope glycoprotein gp41 (T-20, T-1249); (iv) viral assembly and disassembly, through NCp7 zinc finger-targeted agents [2,2’ - 
dithiobisbenzamides (DIBAs), azadicarbonamide (ADA)]; (v) proviral DNA integration, through integrase inhibitors such as 4-aryl-2,4- 
dioxobutanoic acid derivatives; (v1) viral mRNA transcription, through inhibitors of the transcription (transactivation) process (flavopiridol, 
fluoroquinolones). Also, various new NRTIs, NNRTIs and PIs have been developed that possess, respectively: (i) improved metabolic 
characteristics (1.e phosphoramudate and cyclosaligenyl pronucleotides by-passing the first phosphorylation step of the NRTIs), (ii) increased 
activity [^second" or “third” generation NNRTIs (i.e. TMC-125, DPC-083)] against those HIV strams that are resistant to the "first" 
generation NNRTIs, or (iii) as m the case of PIs, a different, nonpeptidic scaffold [1.e. cyclic urea (mozenavir), 4-hydroxy-2-pyrone 
(tipranavir)) Nonpeptidic PIs may be expected to inhibit HIV mutant strains that have become resistant to peptidomimetic PIs Given the 
multitude of molecular targets with which anti-HIV agents can mteract, one should be cautious in extrapolating the mode of action of these 
agents from cell-free enzymatic assays to mtact cells. Two examples in point are L-chicoric acid and the nonapeptoid CGP64222, which were 
initially described as an integrase inhibitor or Tat antagonist, respectively, but later shown to primarily act as virus adsorption/entry inhibitors, 
the latter through blockade of CXCR4. © 2002 Elsevier Science B.V. All rights reserved. 


Keywords Human immunodeficiency virus (HIV); Reverse transcnptase (HIV), Protease (HIV); CXCR4 (HIV); CCR5 (HIV), Integrase (HIV), Fuston (HIV), 
Transcription (HTV) 
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1. Introduction 


Combination therapy, comprising at least three anti- 
human immunodeficiency virus (HIV) drugs, has become 
the standard treatment of acquired immune deficiency 
syndrome (AIDS) or HIV-infected patients. Virtually all 
drugs that have been licensed for clinical use (or made 
available through expanded access programmes) for the 
treatment of HIV infections fall into one of the following 
three categories: (i) nucleoside/nucleotide reverse transcrip- 
tase inhibitors (NRTIs), that, following two phosphorylation 
steps (tenofovir) or three phosphorylation steps [zidovudine 
(AZT), didanosine (ddI), zalcitabine (ddC), stavudine (d4T), 
lamivudine (3TC), abacavir (ABC)], act, as chain termina- 
tors, at the substrate binding site of the reverse transcriptase 
(RT); Gi) non-nucleoside reverse transcriptase inhibitors 
(NNRTIs) that interact with the RT at an allosteric, non- 
Substrate binding site (nevirapine, delavirdine, efavirenz); 
and (iii) protease inhibitors (PIs) that specifically inhibit, as 
peptidomimetics, the virus-associated protease (saquinavir, 
ritonavir, indinavir, nelfinavir, amprenavir, lopinavir). 
Guidelines to the major clinical trials with these compounds 
have been recently published [1]. 

Although the long-term goal of eradicating the virus from 
latently and chronically infected cells remains forbidding [2], 
the advent of so many new compounds other than those that 
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have been formally approved, for the treatment of HIV 
infections, will undoubtedly improve the prognosis of 
patients with AIDS and AIDS-associated diseases. Here, I 
will primarily address those new anti-HIV compounds that (i) 
have emerged as promising anti-HIV drug candidates during 
the last few years, that (ii) are in preclinical or early-clinical 
development, and that (iii) are targeted at well-defined steps 
in the HIV replicative cycle. 


2. Virus adsorption (gp120) inhibitors 


A great variety of polyanionic compounds have been 
described to block HIV replication through interference with 
virus adsorption (or binding) to the cell surface: i.e. poly- 
sulfates, polysulfonates, polycarboxylates, polyphosphates, 
polyphosphonates, polyoxometalates, etc. This class of 
compounds also comprises the cosalane analogues (1) con- 
taining the polycarboxylate pharmacophore [3], as well as 
the sulfated polysaccharides extracted from sea algae [4]. 
All these compounds, whether synthetic or of natural origin, 
are assumed to exert their anti-HIV activity by shielding off 
the positively charged sites in the V3 loop of the viral 
envelope glycoprotein (gp120) [5,6], which is necessary for 
virus attachment to the cell surface heparan sulfate, a 
primary binding site, before a more specific binding occurs 
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to the CD4 receptor of the CD4* cells, and to the CXCR4 
coreceptor of the CXCR4" cells (the latter in the caze of X4 
and dual tropic X4/R5 HIV strains). Heparan sulfate is 
widely expressed on animal cells and, as it is invelved in 
the virus-cell binding of a broad spectrum of enveloped 
viruses, including herpes simplex virus (HSV) [7], dengue 
virus [8] and other flaviviruses (i.e. Japanese encephalitis 
virus) [9], it also explains why polysulfates have £ broad- 
spectrum antiviral activity against HIV, HSV and various 
other enveloped viruses [10]. 


ligand, namely SDF-1 ("stromal-cell derived factor") has 
been identified. Of these chemokines, the LD78B isoform of 
MIP-la has emerged as the most potent chemokine for 
mhibiting HIV-1 infection in peripheral blood mononuclear 
cells (PBMCs) [14,15] as well as monocytes/macrophages 
[16]. 

TAK-779, a quaternary ammonium derivative (2) is the 
first nonpeptidic molecule that has been described to block 
the replication of M-tropic R5 HIV-1 strains at the CCR5 
level [17]. 


Compound 2 


The major role of polysulfates or polyanionic substances 
In general in the management of HIV infections may reside 
in the prevention of sexual transmission of HIV infeccion, as 
these compounds, if applied as a vaginal formulaticn, may 
successfully block HIV infection through both virus-to-cell 
and cell-to-cell contact. These compounds therefor= merit 
being pursued as vaginal microbicides. The fact that in 
addition to their anti-HIV activity, these polyanion c sub- 
stances, as demonstrated, for example, for poly(socium(4- 
styrene)sulfonate), also inhibit other sexually tranzmitted 
disease (STD) pathogens, i.e. HSV, Neisseria goncrrheae 
and Chlamydia trachomatis [11], further adds te their 
potential therapeutic and preventive value. 


3. Viral coreceptor antagonists 


To enter cells, following binding with the CD4 receptor, 
the HIV-1 particles must interact, again through the viral 
envelope glycoprotein gp120, with the CXCR4 coreceptor 
[12] or CCRS coreceptor [13]. CXCR4 is the coreceptor for 
HIV-1 strains that infect T-cells (T-tropic or X4 strains), and 
CCR5 is the coreceptor for HIV-1 strains that infect macro- 
phages (M-tropic or R5 strains). CXCR4 and CCR3 have 
not evolved simply to act as coreceptors for HIV entrz; they 
normally act as receptors for chemokines (chemoattractant 
cytokines) The normal ligands for CCR5 are RANTES 
(“regulated upon activation, normal T-cell expressed and 
secreted") and MIP-1a and -18 (“macrophage inflamma- 
tory proteins"), whereas for CXCR4, only one natural 


TAK-779 


A binding site for TAK-779 has been identified within 
the transmembrane helices 1, 2, 3 and 7 of CCRS [18]. 
TAK-779 has been found to inhibit R5 HIV-1 strains in the 
nanomolar concentration range, while not affecting X4 
HIV-1 strams at 10,000-fold higher concentrations [17]. 
TAK-779 1s not a “pure” CCRS antagonist, as it also 
demonstrates some antagonism towards CCR2b. Unlike 
RANTES, TAK-779 does not induce internalization of 
CCRS. The clinical potential of TAK-779 and its conge- 
ners [19] in the therapy and/or prophylaxis of HIV-1 
infections remains to be further explored. Meanwhile, 
several new CCRS antagonists have been reported 
[20,21], and a lead clinical candidate (SCH C) for further 
development has been identified. 

Almost simultaneously [22—24], three compounds, i.e. 
the bicyclam AMD3100 [22], [Tyr-5,12,Lys-7]polyphemu- 
sin or T22 [23] and the nonapeptide (b-Arg); or ALX40- 
4C [24] were announced as CXCR4 antagonists, blocking 
the replication of T-tropic X4, but not M-tropic R5, HIV-1 
strains through selective antagonism of CXCR4. The 
bicyclams are the most specific and most potent CKCR4 
antagonists that have been described to date [25,26]. The 
bicyclams had been known as potent and selectrve HIV 
inhibitors for a number of years [27,28], before their 
target of action was identified as the CXCR4 coreceptor 
[22,29,30]. The bicyclam AMD3100 (3) inhibits the 
replication of X4 HIV-] strains within the nanomolar 
concentration range [28]. As it is not toxic to the host 
cells at concentrations up to 500 uM, its selectivity index, 
or ratio of 50% cytotoxic concentration (CCso) to 50% 
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antivirally effective concentration (ECso) can be estimated 
at > 100,000. 
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eet — Que 
LO ius 


Compound 3 
AMD3100 


A close correlation has been found, over a concentration 
range of 0.1—1000 ng/ml, between the AMD3100 con- 
centrations required to inhibit (i) HIV-1 NL4-3 replication, 
(ii) monoclonal antibody (mAb 12G5) binding to the 
CXCR4 coreceptor, and (iii) SDF-1-induced signal trans- 
duction (Ca* flux), suggesting an intimate relationship 
between these three parameters [29,30]. The inhibitory 
effects of AMD3100 on the T-tropic HIV-1 NL4-3 strain 
have been demonstrated in a wide variety of cells expressing 
CXCR4, including PBMCs; and, vice versa, various T- 
tropic and dual-tropic, but not M-tropic, HIV-1 strains have 
proven sensitive ta AMD3100 in PBMC. 

Negatively charged amino acid (i.e. aspartic acid) resi- 
dues in the extracellular regions of CXCR4 must be 
involved in its interaction with both AMD3100 and SDF- 
1, and the V3 loop of X4 HIV gp120, which are all three 
highly basic. Substitutions of a neutral amino acid residue 
for aspartic acid in the second extracellular loop generated 
resistance to AMD3100 [31]. In particular, the aspartate 
residues at positions 171 and 262, located close to the 
extracellular sides of the transmembrane segments TM4 


and TM6, may represent crucial sites of interaction with 
the bicyclam AMD3100 [32]. 

When the bicyclam AMD3100 was added to PBMC 
infected with clinical HIV isolates displaying the syncy- 
tium-inducing (ST) phenotype, these strains reverted to the 
non-syncytium-inducing (NSI) phenotype, and, concomi- 
tantly, these strains switched from CXCR4 to CCR5 cor- 
eceptor use [33]. These findings indicate that selective 
blockade of CXCR4 by AMD3100 may prevent the switch 
from the less pathogenic M-tropic R5 to the more patho- 
genic T-tropic X4 strains of HIV, which in vivo heralds the 
progression to AIDS. AMD3100 has proved efficacious, 
alone and in combination with other anti-HIV drugs, in 
achieving a marked reduction in viral load in the SCID-hu 
Thy/Liv mouse model [34]. Following a phase I clinical trial 
for safety in normal healthy volunteers [35], AMD3100 
recently entered phase II clinical trials in HIV-infected 
individuals. 

Given their high potency and selectivity as CXCR4 
antagonists, bicyclams, such as AMD3100, may not only 
have great potential for the therapy and/or prophylaxis of 
X4 HIV infections, but also other pathologic processes, 
such as breast cancer metastasis, which are at least partially 
dependent of, or mediated by, signaling through CXCR4 
[36]. 


4. Viral fusion (gp41) inhibitors 


The interaction of the X4 or R5 HIV-1 envelope gly- 
coprotein gp120 with the coreceptor CXCR4 or CCR5, 
respectively, is followed by a spring-loaded action of the 
viral glycoprotein gp41 (normally covered by the bulkier 
gp120), which then anchors through its amino terminus 
(the “fusion peptides”) into the target cell membrane. This 
initiates the fusion of the two lipid bilayers, that of the 


Membrane 
Fusion Leucine zipper spanning 
peptide region YYY Y region /52 amino acids 
NH, C-C 7/— —— COOH 
517 532 558 595 643 678 689 710 
DP-107 DP-178 
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Compound 4 
T-20 (pentafuside) 
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viral envelope with that of the cellular plasma membrane 
[37]. At the onset of the fusion process, the hydropho- 
bic grooves on the surface of the N36 coiled coil in the 
gp41 ectodomain become available for binding with ex- 
traneous inhibitors, such as DP-178 (T-20), a 36-residue 
peptide, that binds to the hydrophobic groove of N36 
[37]. 

T-20 (pentafuside) (4) is a synthetic, 36-amino acid 
peptide corresponding to residues 127—162 of the ectodo- 
main of gp4l (or residues 643—678 in the gpl60 pre- 
cursor) T-20, previously called DP-178, was modeled 
after a specific domain (within gp41) predictive of a- 
helical secondary structure: DP-178 consistently afforded 
10096 blockade of virus-mediated cell—cell fusion (syncy- 
tium formation) at concentrations ranging from 1 to 10 ng/ 
ml, 1e. 10*- to 10°-fold lower than the cytotoxic concen- 
tration (38]. An initial clinical trial has been carried out 
with T-20 at four doses (3, 10, 30 and 100 mg twice daily, 
intravenously, for 14 days) in 16 HIV-infected adults: at 
the highest dose (100 mg, twice daily), T-20 achieved by 
the 15th day a 1.5- to 2.0-fold reduction in plasma HIV 
RNA [39]. These data provide proof-of-concept that HIV 
fusion inhibitors are able to reduce virus replication in 
vivo. 


The betulinic acid derivative RPR 103611 (5) 1s the 
only nonpeptidic low-molecular-weight compound that has 
been reported to block HIV-1 infection through interaction 
with gp41: this triterpene derivative has been found to 
inhibit the infectivity of a number of HIV-1 strains in the 
10 nM concentration range [41], apparently through inter- 
ference with a post-binding, envelope-dependent step 
involved in the fusion of the virus with the cell plasma 
membrane. 

The exact mode of action of RPR 103611 remains to be 
elucidated. Sequence analysis of RPR103611-resistant mu- 
tants indicated that a single amino acid change, 184S, in 
HIV-1 gp41 is sufficient to confer drug resistance [42]. 
However, this I84S mutation did not occur in some of the 
naturally RPR103611-resistant HIV-1 strains such as NDK. 
More recently, the action of RPR103611 has been thought to 
depend on the accessibility of gp41 [43], and for the 
isomeric betulinic acid derivative IC 9564, HIV-1 gp120, 
rather than gp41, has been proposed as the prime target 
(based on the mutations G237R and R252K emerging in 
gp120 of drug-resistant mutants) [44]. YK-FH312, a betu- 
linic acid derivative unrelated to RPR103611 or IC 9564, 
was reported to block the assembly and/or budding of HIV 
particles [45]. 





Compound 5 
RPR 103611 


Meanwhile, T-20 has proceeded to phase IWMI clinical 
trials, and phase I clinical trials have been initiated with T- 
1249, a 39-amino acid peptide derived from DP-107 (which 
is a 38-amino acid peptide corresponding to residues 558— 
595 of gp160); T-1249 would be 10-fold more potent than 
T-20 when evaluated in vitro against HIV under the same 
conditions [40]. 





5. Nucleocapsid protein (NCp7) Zn finger-targeted 
agents 


The two zinc fingers [Cys-X;-Cys-X4-His-X4-Cys 
(CCHC), whereby X = any amino acid] 1n the nucleocapsid 
(NCp7) protein [46] comprise the proposed molecular target 
for zinc-ejecting compounds such as 3-nitrosobenzamide 
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(NOBA), 2,2'-dithiobisbenzamide (DIBA), SRR-SB3 
(cyclic DIBA) [47], 1,2-dithiane-4,5-diol,1,1-dioxide (di- 
thiane) [48] and azadicarbonamide (ADA) [49,50]. These 
compounds should be able to interfere with both early 
(uncoating, disassembly) and late phases (packaging, assem- 
bly) of retrovirus replication. Their effect at the early phase 
(disassembly) may also be ascribed to cross-linkage among 
adjacent zinc fingers. The DIBAs are able to enter intact 
virions and the cross-linkage of NCp7 in virions correlates 
with loss of infectivity and decreased proviral DNA syn- 
thesis during acute mfection [51]. Electron microscopically, 
the effect bestowed by DIBAs on virus morphology could 
be described as “core-freezing”’ [52]. 
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Compound 6 
ADA (azodicarbonamide) 


Although NOBA, DIBA, dithiane and ADA have been 
shown to dock nicely on the NCp7 Zn finger domains [53] 
and are believed to selectively target these Zn fingers 
without affecting the cellular Zn finger proteins, their 
selectivity indexes [ratio of CCsq (50% cytotoxic concen- 
tration) over ECso (50% effective concentration)] are not 
that impressive [53]. Of the NCp7-targeted compounds, 
ADA (6) has been the first to proceed to phase I/II clinical 
trials in advanced AIDS patients. Some preliminary evi- 
dence of efficacy was witnessed with add-on ADA in 
patients failing current antiretroviral therapy [54]; these 
studies should be further extended. Although ADA is an 
HIV NCp7 Zn-finger inhibitor, its action in vivo is likely to 
be multipronged. ADA may well interact with a variety of 
targets and, certainly, its inhibitory effects on T-cell 
responses in vitro and in vivo [55] can hardly be attributed 
to an action targeted at the HIV NCp7 Zn fingers. 


6. RT inhibitors targeted at the substrate binding site 


The substrate (dNTP) binding site of the HIV-1 RT is the 
target for a large variety of NRTI analogues, which have for 
several years [56] been recognized as efficacious drugs for 
the treatment of HIV infections: ie. AZT, ddI, ddC, d4T, 
3TC, ABC, and the yet experimental drug emtricitabine 
[(—)FTC]. Fozivudine tidoxil is a thioether lipid AZT 
conjugate that has recently passed phase II clinical trials 
[57] and should be as effective as, and potentially better 
tolerated than, AZT. As a rule, all these compounds must be 
phosphorylated to their 5’-trrphosphate form, before they can 
act as competitive inhibitors/substrate analogues/chain ter- 
minators at the RT level. In contrast to the nucleoside 
analogues, the nucleotide analogues PMEA and PMPA are 


already equipped with a phosphonate group, and therefore 
only need two phosphorylation steps to be converted to the 
active metabolite [58]. From PMEA and PMPA, the oral 
prodrug forms [bis(pivaloyloxymethyl)-9-(2-phosphonylme- 
thoxyethyl)adenine (bis(POM)-PMEA) or adefovir dipi- 
voxyl (7), and bis(isopropyloxycarbonyloxymethyl)-(R)-9- 
(2-phosphonylmethoxypropyl)adenine (bis(POC)-PMPA) or 
tenofovir disoproxil (8) fumarate, respectively] have been 
prepared. The former is in advanced phase III clinical trials 
for the treatment of hepatitis B virus (HBV) infections, 
whereas the latter has completed phase III clinical trials for 
the treatment of HIV infections. A new drug application 
(NDA) and market authorization application (MAA) has 
been recently filed for tenofovir disoproxil fumarate with 
the FDA (US) and EMEA (EU), respectively. In rhesus 
macaques infected with the highly pathogenic chimeric virus 
SHIV, tenofovir treatment initiated 1 week post-infection, at 
a time when disseminated infection and extensive viral 
replication had already been established and CD4* T-cell 
loss had begun, led to prompt, virtually complete suppres- 
sion of viral replication and long-term stabilization of CD4 * 
T-cell levels, which were sustained, even after withdrawal of 
tenofovir (after 12 weeks of treatment) [59]. 
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Tenofovir disoproxil 
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In addition to 3TC and ( — )FTC, the structurally related 
(+ J2"-deoxy-3'-oxa-4'-thiocytidine (BCH-10652,dO0 TC) 
[60], the dioxolane purine nucleoside analogues [61], the 
methylenecyclopropane nucleoside analogues (and their 
phosphoro-L-alaninate diesters) [62,63] and the 4'-ethynyl 
nucleoside analogues [64] have recently been described as 
new anti-HIV agents. [( — )FTC] (9) is in phase III trials for 
HIV and phase VII tnals for HBV; it is considered for use 
in the multidrug combination therapy of HIV-1 and HBV 
infections. Amdoxovir [DAPD, ( — )-f-p-2,6-diaminopur- 
me dioxolane] (10), which is converted by adenosine 
deaminase to dioxolane guanine (DXG), has proven active 
against AZT- and 3TC-resistant HIV-1 strains and has 
proceeded to phase I/II clinical studies [65,66]. BCH- 
10652 (dOTC) (11) has demonstrated activity against 
HIV-1 in the SCID-hu Thy/Liv model. Despite its struc- 
tural similarity to 3TC, dOTC proved also active against 
3TC-resistant HIV-1 (M184V), albeit at a relatively high 
dosage level (400 mg/kg/day) [67]. Also m vitro, (OTC and 
its (+) and (—) enantiomers still retained, albeit reduced, 
activity against 3TC-resistant M184V and MI84I HIV-1 
mutants [68]. 


O 


Compound 9 
Emtricitabine [(-)FTC] 


The bottleneck in the metabolic pathway leading from 
AZT and the other 2’,3’-dideoxynucleoside (ddN) ana- 
logues to their active 5’-triphosphate form is the first 
phosphorylation step. Therefore, attempts have been made 
at constructing 2’,3’-dideoxynucleotide (ddNMP) prodrugs 
that, once they have been taken up by the cells, deliver 
the nucleotide (ddNMP) form. This approach has proven 
particularly successful for a number of NRTIs such as 
2/3'-dideoxyadenosine (ddA) and d4T. Thus, the bis(S- 
acetyl-2-thioethyl)phosphotriester of ddA [bis(SATE]d- 
dAMP] (12) was synthesized and found to be 1000-fold 
more potent against HIV than the parent compound ddA 
[69]. Similarly, aryloxyphosphoramidate derivatives of 
d4T [ie. So324, a d4T-MP prodrug containing at the 


Compound 10 
Amdoxovir 
[DAPD, (-)-8-D-2,6-diaminopurine dioxolane] 
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Compound 11 
(+)2’-deoxy-3’-oxa-4’-thiocytidine (dOTC) 


phosphate moiety a phenyl group and the methylester of 
alanine linked to the phosphate group through a phos- 
phoramidate linkage] have been constructed [70—72]. 
After the d4T aryloxyphosphoramidate (13) has been 
taken up by the cells, d4TMP is released intracellularly 
and then processed onto its active metabolite d4TTP 
[73]. This “thymidine kinase bypass” explains the high 
anti-HIV activity of d4T aryloxyphosphoramidate deriva- 
tives in thymidine kinase deficient cells and resting mono- 
cytes/macrophages [74]. The thymidine kinase (in the 
case of d4T) and the adenosine deaminase (in the case 
of ddA) can also be bypassed by using the cyclic sali- 
genyl approach [75,76]. Cyclosaligenyl pronucleotides of 
d4T and ddA deliver exclusively the nucleotides d4TMP 
and ddAMP, not only under chemical-simulated hydrol- 
ysis conditions but also under intracellular conditions 
[77,78]. This has been convincingly shown for the cyclo- 
saligenyl derivative of d4TMP (14) in a number of cell 
lines [79]. 
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bis(S-acety]-2-thioethyl)phosphotriester of ddA [bis(SATE)ddAMP] 


Compound 13 
d4T aryloxyphosphoramidate 
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Compound 14 
cyclosaligenyl d4 TMP 


7. RT inhibitors targeted at the allosteric, nonsubstrate 
binding site 


More than 30 structurally different classes of com- 
pounds have been identified as NNRTIs, viz. compounds 
that are specifically inhibitory to HIV-1 replication and 
targeted at a nonsubstrate binding site of the RT [80]. 
Three NNRTIs (nevirapine, delavirdine and efavirenz) 
have so far been formally licensed for clinical use in the 


treatment of HIV-1 infections, emivirme (MKC-442) (15) 
is in advanced (phase IIT) clinical trials, and others are in 
preclinical or early clinical development. The NNRTIs 
interact with a specific "pocket" site of the HIV-1 RT 
[81], which is closely associated with, but distinct from, 
the substrate binding site. NNRTIs are notorious for 
rapidly eliciting resistance [82], resulting from mutations 
at the amino acid residues that surround the NNRTI-bind- 
ing site of HIV-1 RT. However, emergence of NNRTI- 
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resistant HIV strains can be prevented if the NNRTIs are 
combined with NRTIs and used from the beginning at 
sufficiently high concentrations [80]. 

The thiocarboxanilide UC-781 (16) is an exceptionally 
potent inhibitor of HIV-1 replication [80]. It has been found 
to restore the antiviral activity of AZT against AZT-resistant 
HIV-1 [83]. UC-781 has been recognized as a (retro)viru- 
cidal agent, capable of reducing the infectivity of HIV-1 
virions, and, therefore, yielding considerable promise for the 
use in (retro)virucidal formulations to prevent the trans- 
mission of HIV from infected to noninfected individuals 
[84]. UC-781 would seem an ideal candidate for application 
as a vaginal microbicide (virucide), i.e. when formulated in 
replens gel [85]. 
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Emivirine (MKC-442) 
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Compound 16 
Thiocarboxanilide UC-781 


To the new classes of NNRTIs that offer potent anti-HIV- 
1 activity belong the thieno[3,4][1,2,4]thiadiazine derivative 
QM96521 [86], the quinoxaline GW420867X [87], the 
imidazole derivative S-1153 (AG1549, capravirine) [88— 
90], ( — )-6-chloro-2-[(1-furo[2,3-c]pyridin-5-yl-ethyl)thio]- 
4-pyrimidinamine (PNU-142721) [91], N-[2-(2,5-dimethox- 
yphenylethyl]-N'-[2-(5-bromopyridyl]-thiourea (HI-236) 
[92], the pyrido[1,2a]indole derivative BCH-1 [93], the 4- 
cyclopropylalkynyl-4-trifluoromethy1-3,4-dihydro-2(177) 
quinazolinones DPC 961 and DPC 963, the 4-cyclopropylal- 
kenyl-4-trifluoromethyl-3,4-dihydro-2(1H)quinazolinones 
DPC 082 and DPC 083 [94], the thiophene-ethylthiourea 
(TET) derivative HI-443 [95], the cyclohexenylethylthiourea 
derivatives HI-346 and HI-445 [96], the cis-cyclopropyl 


urea-PETT derivatives [97], the alkenyldiarylmethane 
(ADAM) series of compounds [98], the pyrrolobenzoxaze- 
pinone (PBO) derivatives [99], the quinoxalinylethylpyridyl 
thioureas (QXPTs) [100], the emivirine (MKC-442) deriv- 
ative SJ-3366 [101] and R165335(TMC125) [102]. As a 
rule, the “new” (“second” or “third” generation) NNRTIs 
exhibit higher potency than the “old” (*first" generation) 
NNRTIs against wild-type and NNRTI-resistant HIV-1 
[91,94—96,99,102]. This is particularly prominent for 
DPC 083 (17) and R165335 (TMC125) (18) that showed 
activity against L100I, K103N, Y181C, YI188L, 
K103N -L100I and K103N + Y181C RT mutant strains in 
the nanomolar concentration range [102]. This makes 
R165335 (TMC125) an excellent candidate for further 
clinical development. 
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Compound 18 
R165335 (TMC125) 


Some of the new NNRTIs, such as SJ-3366 (19), possess 
remarkable features. This compound was reported to inhibit 
HIV-1 replication at a concentration below 1 nM with a 
therapeutic index greater than 4,000,000, and to inhibit HIV- 
2 replication (albeit at higher concentrations than those 
required for inhibition of HIV-1) at the viral entry stage 
[101]. 
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Compound 19 
SJ-3366 


Capravirine (AG1549) (20) has a favorable profile of 
resilience to many drug resistance mutations, which has been 
attributed to extensive main chain hydrogen bonding involv- 
ing the main chain of residues 101, 103, and 236 of the p66 
RT subunit [89]. Capravirine has proceeded to phase I/II 
clinical trials [90]. 
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Capravirine (AG1549) 


The NNRTIs cis-cyclopropylurea-PETT [97]:and PBO 
derivatives [99] are orally bioavailable and penetrate well 
into the brain. The broad, potent antiviral activity, and 
favorable pharmacokinetic profile, have led to the selection 
of PNU-142721 (21) for clinical studies [91]; and DPC 961, 
DPC 963, DPC 082 and DPC 083 for clinical development 
[94]. 
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Compound 21 
PNU-142721 


(+)-Calanolide A (22) is the only naturally occurring 
NNRTE it was first isolated from a tropical tree (Calophyl- 
llum lanigerum) and has already been the subject of a phase 
I clinical study in healthy, HIV-negative individuals [103]. 





Compound 22 
(+)-Calanolide A 


Recently, an unexpected effect of NNRTIs on HIV-1 RT 
dimerization was documented [104]: several NNRTIs, 
including efavirenz, were found to enhance the association 
between the RT subunits p66 and p51, apparently due to a 
conformational change in the p66 subunit that resulted in 
enhanced binding to the p51 subunit. It remains to be 
established if this enhanced dimerization has any bearing 
on the anti-HIV-1 potency of the NNRTIs. 


8. HIV integrase inhibitors 


Retrovirus integration requires at least two viral com- 
ponents, the retroviral enzyme integrase, and cis-acting 
sequences at the retroviral DNA termini U3 and U5 ends 
of the long terminal repeats (LTRs). Since HIV, like other 
retroviruses, cannot replicate without integration into a 
host chromosome, integrase has been considered as an 
attractive therapeutic target. Numerous compounds have 
been described as inhibitors of HIV-] integrase (for a 
recent review, see Ref. [105]): for example, polyamides, 
bisdistamycins and lexitropsins [106], polyhydroxylated 
aromatic type of compounds, including ellagic acid, pur- 
purogallin, 4,8,12-trioxatricornan and hypericin [107] and 
a series of thiazolothiazepine derivatives, preferably pos- 
sessing the pentatomic moiety SC(O)CNC(O) with two 
carbonyl groups [108]. The problem with integrase inhib- 
itors is that while they might be effective in an enzyme- 
based assay, their anti-HIV activity in cell culture may be 
masked by cytotoxicity, and if they do exhibit anti-HIV 
activity, this could, at least in some cases, be attributed to 
antiviral actions targeted at other steps in the HIV repli- 
cative cycle. 

L-chicoric acid [109—111] is such a case. L-chicoric acid 
is structurally reminiscent of curcumin [112], 3,5-dicaf- 
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feoylquinic acid [113], rosmarinic acid [114] and dicaf- 
feoyltartaric acids (DCTAs) [115], and all these compounds 
have been reported to inhibit HIV-1 integrase. Integrase was 
identified as the molecular target for the action of L-caicoric 
acid (23) since a single amino acid substitution (G140S) m 
the integrase rendered the corresponding HIV-1 mutant 
resistant to L-chicoric acid [111]. We have recently d2mon- 
strated [116], however, that .-chicoric acid owes its anti- 
HIV activity in cell-culture to an interaction with the viral 
envelope gp120. Upon repeated passages of the virus in the 
presence of the compound, mutations were found in tae V2, 
V3 and V4 loop of gp120, while no mutations were seen in 
the integrase. We did confirm that in an enzymatic assay r- 
chicoric acid inhibited HIV integrase activity, but integrase 
carrying the G140S mutation appeared to be as sensizive to 
the inhibitory effect of L-chicoric acid as the wild-type 
integrase. Furthermore, r-chicoric acid proved mmctive 
against HIV strains that were resistant to polyaaionic 
compounds known to interact at the virus adsorption level, 
and time-of-addition experiments further corroborated an 
interaction of r-chicoric acid at the virus adsorption. stage 
[116]. 


tives have been reported as inhibitors of HIV-1 integrase 
[119]. 
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9. Transcription (transactivation) inhibitors 


At the transcription level, HIV gene expression may be 
inhibited by compounds that interact with cellular factors 
that bind to the LTR promoter and that are needed for basal 
level transcription, such as the NF-KB inhibitors [120]. 
Greater specificity, however, can be expected from those 
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L-chicoric acid 


Recently, the structure of the HIV-1 integrase core 
domain complexed with an inhibitor [1-(5-chloroindol-3- 
yD-3-hydroxy-3-(2H-tetrazol-5-yl)-propenone] has been 
described as a platform for structure-based design of novel 
HIV-1 integrase inhibitors [117]. This was followed ty the 
description of a number of diketo acids (such as L-731,988 
and L-708,906) as inhibitors of the integrase-meciated 
strand transfer reaction that leads to the covalent lmkage 
of the viral DNA 3'ends to the cellular (target) DNA [107]. 
These compounds were also found to inhibit HIV-1 repli- 
cation in cell culture. Furthermore, mutations in the HIV-1 
integrase conferred resistance to the inhibitory effects of 
the compounds on both strand transfer and HIV-1 —fec- 
tivity [118]. Thus, it was surmised that these diketo acids 
owe their antiviral activity exclusively to inhibition o£ one 
of the two catalytic functions of integrase, namely strand 
transfer [the other catalytic function being endonucleolytic 
processing of the (pro)viral DNA to remove the terminal 
dinucleotide (GT) from the 3'end]. Starting from 1-731, 
988 (24), additional 4-aryl-2,4-dioxobutanoic acid deriva- 


compounds that specifically inhibit the transactivation of the 
HIV LTR promoter by the viral Tat (frans-activating) 
protein [120]. Tat has pleiotropic effects: it not only acti- 
vates the transcription of HIV-1 RNA, but also binds to a 
number of receptors, ie. on smooth muscle and skeletal 
muscle cells [121]: the basic domain of Tat may be 
important, not only for translocation but also for nuclear 
localisation and trans-activation, and thus targeting of the 
Tat basic domam may provide great scope for therapeutic 
intervention in HIV-1 infection [121]. 

A. number of compounds have been reported to inhibit 
HIV-1 replication in both acutely and chronically infected 
cells through interference with the transcription process: i.e. 
fluoroquinoline derivatives [122]. The inhibitory effects of 
the fluoroquinolines (K-12) [8-difluoromethoxy-1-ethyl-6- 
fluoro-1,4-dihydro-7-[4-(2-methoxyphe-nyl)-1-piperazinyl]- 
4-oxoquinoline-3-carboxylic acid] and (K-37) [7-(3,4-dehy- 
dro-4-phenyl-1-piperidinyT)-1,4-dihydro-6-fluoro-1-methyl- 
8-trifluoromethyl-4-oxoquinoline-3-carboxylic acid] (25) on 
the HIV-1 LTR-driven gene expression may at least in part 
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be attributed to inhibition of Tat [123] or other RNA- 
dependent transactivators [124]. 
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Fluoroquinoline K-37 
The bistriazoloacridone temacrazine [1,4-bis(3-(6-oxo- 
6H-v-triazolo[4,5,1]acridin-5-yl-aminopropyl)piperazine] 
(26) was found to block HIV-1 RNA. transcription from the 
HIV proviral DNA without interfering with the transcription 
of any cellular genes [125]: the compound inhibited HIV-1 


T—3 


replication in both acutely and chronically infected cells. 
Resistance was generated upon serial passage of the virus in 
the presence of temacrazine and was associated with several 
unique nucleotide changes in HIV-1 LTR at positions — 1, 
— 2 and +111 relative to the start of transcription [126]. 
Tat peptide analogs, encompassing the Tat core domain 
(amino acid residues 36—50) [127], or the basic domain 
(amino acids 48—56: RKKRRQRRR) [128] have been 
reported to inhibit HIV-1 replication, and, as expected, these 
peptide analogs were able to effectively block the Tat 
transactivation process. The 9-mer peptoid CGP64222 
(27), which 1s structurally reminiscent of the amino acid 
48—56 sequence REKRRQRRR of Tat, was also reported, 
on the one hand, to block the Tat/TAR interaction, and, on 
the other hand, to suppress HIV-1 replication [129]. We 
have demonstrated, however, that the peptoid CGP64222 
owes its anti-HIV activity in cell culture primarily to an 
interaction with CXCR4, the coreceptor for X4 HIV strains 
[130], which is, perhaps, not surprising given the structural 
similarity of CGP64222 to the other, polypeptidic, CXCR4 
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antagonists such as T22 [23] and nona-arginine (ALX40- 
4C) [24]. In fact, Tat itself (following its extracellular 
release) has recently been shown to block CXCR4-depend- 
ent HIV-1 infection [131], presumably through blockade of 
CXCR4 by the above-mentioned 48—56 amino acid portion 
(RKKRRQRRR) of the molecule. 

Flavopiridol (L86-8275, HMR1275) is a cyclin-depend- 
ent kinase (Cdk) and P-TEFb inhibitor, which is in clinical 
trials for the treatment of cancer because of its antiprolifer- 
ative properties. P-TEFb is a protein kinase composed of 
Cdk9 and cyclin T1 and secures the elongation phase of 
transcription by RNA polymerase II (through phosphoryla- 
tion of the carboxyl-terminal domain). Tat forms a triple 
complex with P-TEFb (composed of Cdk9 and cyclin T1) 
and the nascent transcript from the HIV-1 LTR promoter. 
Consistent with its ability to block P-TEFb, flavopiridol (28) 
was found to block Tat transactivation, and, concomutantly, 
also inhibited HIV replication [132]. 
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10. HIV PIs 


HIV Pls prevent the cleavage of the gag and gag-pol 
precursor polyproteins to the structural proteins (p17, p24, 
p7, p6, p2, pl) and functional proteins (protease, RT/RNase 
H, integrase), thus arresting maturation and thereby block- 
ing infectivity of the nascent virions [133]. The HIV PIs 
have been tailored after the target peptidic linkage in the gag 
and gag-pol polyproteins that are cleaved by the protease, 
viz. the phenylalanine—proline sequence at positions 167 
and 168 of the gag-pol polyprotein. All PIs that are currently 
licensed for the treatment of HIV infection, namely saqui- 
navir, ritonavir, indinavir, nelfinavir, amprenavir and lopi- 
navir, share the same structural determinant, i.e. an 
hydroxyethylene (instead of the normal peptidic) bond, 
which makes them nonscissile substrate analogues for the 
HIV protease. All six licensed PIs follow the same principle; 
that is, they act as peptidomimetic inhibitors of HIV 
protease [134]. Lopinavir is co-dosed with ritonavir at 
400/100 mg twice daily. The reason for this combination 
is that ritonavir strongly inhibits the metabolism of lopinavir 
and allows lopinavir to reach much higher plasma drug 
levels upon oral administration [135]. In phase III clinical 
trials is atazanavir (BMS-232632) (29), which has been 
accredited with a favorable resistance profile that does not 
parallel any of the other PIs currently in clinical use, as well 
as a favorable pharmacokinetic profile that would allow 
once-daily dosing [136]. 

Resistance mutations have been reported for most, if not 
all, peptidomimetric inhibitors of HIV protease. This has 
prompted the search for new, nonpeptidic inhibitors of HIV 
protease, which, in addition to a broader anti-HIV activity 
spectrum, might also offer increased oral bioavailability 
and/or pharmacokinetic properties. Examples of nonpeptidic 
PIs of HIV protease include 4-hydroxycoumarins and 4- 
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hydroxy-2-pyrones [137], sulfonamide-substituted deriva- 
tives [138], cyclic ureas (i.e. DMP-323 and DMP-450) 
[139,140], cyclic cyanoguanidines [141], aza-dipeptide ana- 
logues [142], and tipranavir (PNU-140690), a sulfonamide- 
containing 5,6-dihydro-4-hydroxy-2-pyrone [143—145]. 
The major advantage of the cyclic urea mozenavir (DMP- 
450) (30) is its substantial oral bioavailability observed in all 
species examined, including man [140]. DMP-450 has been 
the subject of phase I/II dose-escalating clinical studies and 
appears to have good antiviral activity and tolerability at all 
doses tested [146]. The new aza-dipeptide analogues com- 
bine excellent anti-HIV potency with high blood drug levels 
after oral administration, and, furthermore, they show no 
cross-resistance with saquinavir-resistant HIV strains [142]. 
Tipranavir (31) showed low cross-resistance to HIV strains 
that were resistant to the established (peptidomimetic) 
inhibitors of HIV protease [145]. Also, tipranavir retained 
marked activity against HIV-1 isolates derived from patients 
with multidrug resistance to other PIs [147]. 


HN 





shown to inhibit gag polyprotein processing as well as 
HIV maturation and release [148]. While a potentially 
interesting approach, it remains to be seen whether mhib- 
itors of the proteasome/ubiquitin system display sufficient 
specificity in their anti-HIV action so as to suppress virus 
replication without (overt) cytotoxicity. 


11. Conclusions 


In recent years, an ever increasing number of compounds 
have been uncovered as anti-HIV agents targeted at virtually 
any step of the virus replicative cycle: adsorption, entry, 
fusion, uncoating, reverse transcription, integration, tran- 
scription (transactivation) and maturation. In addition to the 
“newer” NRTIs, NNRTIs and Pls, various other com- 
pounds, i.e. those that are targeted at viral entry (i.e. CKCR4 
and CCRS5 antagonists) and virus-cell adsorption/fusion (1.e. 
compounds interacting with either gp120 or gp41), offer 
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Independently of the HIV protease itself, proteasomes 
play a role in the processing of the gag polyprotein, and 
proteasome inhibitors, such as epoxomicin, have been 


great potential for the treatment of HIV infections. Quite a 
number of compounds are capable of interacting with more 
than one target. Two examples in point are the DCTA L- 
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chicoric acid, and the nonapeptoid CGP 64222. r—hicoric 
acid was originally identified as an integrase inhib&or, and 
the nonapeptoid as a transactivation (Tat) antagorist, and 
their anti-HIV actrvity in acutely infected cells was ascribed 
to interference with the integration and transactivatien proc- 
ess, respectively. As it now appears, L-chicoric acid primarily 
interacts as a virus adsorption inhibitor, and the nonzpeptoid 
as a CXCR4 antagonist, and thus these compounds owe their 
anti-HIV activity mainly to interference with an earsy event 
(adsorption, entry) of the HIV replicative cycle. 
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Abstract 


In order to overcome restrictions imposed by activation (phosphorylation) mechanism of antiviral and antitumor nucleoside analogues 
several prodrug approaches have been designed. Lipophilic pronucleotides are capable of intracellular delivery of monophosphates of 
nucleoside analogues, thus circumventing the limitations of enzymic phosphorylation. One of the successful approaches employs lipophilic 
amino acid ester (alanine) phenyl phosphoramidates as pronucleotides. This approach was applied to AIDS drugs such as AZT, d4T and 
related analogues but also to nonclassical nucleoside analogues based on allenic and methylenecyclopropane structure. Antiviral effects of the 
parent analogues were in many cases increased by conversion to phenyl phosphoralaninate (PPA) pronucleotides. Although cytotoxicity 
Increase frequently accompanies antiviral effects of these pronucleotides, a favorable selectivity index can be obtamed by manipulation of the 
parent structure as shown, e g., for 2,6-diaminopurme methylenecyclopropane pronucleotide 15c. A lack of in vivo toxicity was demonstrated 
for 2-amino-6-methoxypurine methylenecyclopropane pronucleotide 15e m mice. The PPA pronucleotides can overcome deficiency of 
phosphorylating enzymes and offer favorable cross-resistance patterns when compared with other antiviral drugs. © 2002 Elsevier Science 


B.V All rights reserved. 


Keywords Prodrug; Pronucleotide, Antiviral; Phosphoramidate; Phenyl phosphoralaninate, Esterase, Phosphoamidase; Reverse transcriptase 





1. Introduction 


Nucleoside analogues have been a subject of numerous 
studies as antiviral and anticancer agents [1]. In order to be 


Abbreviations. araA, 9-B-(D-arabinofuranosyl)adenine, ACV, acyclovir, 
AIDS, acquired immunodeficiency syndrome; AZT, 3'-azido-3'-deoxythy- 
midine, zidovudine; CCs9, cytotoxic concentration required to inhibit 
cellular growth by 50%; cycloSal, cyclosaligenyl, d4A, 2/,3’-didehydro- 
2',3’-dideoxyadenosine; dCK, deoxycytidine kinase; ddA, 2',3'-dideoxyade- 
nosine; ddC, 2',3’-dideoxycytidine, zalcitabine; ddI, 2',3’-dideoxy:mosine, 
didanosine, d4T, 2',3'-didehydro-3'-deoxythymidine, stavudine, EBV, Ep- 
stein—Barr virus; ECso, effective concentration required to inhibit. virus 
replication by 50%, ELISA, enzyme-linked immunosorbent assay, HBV, 
hepatitis B virus, HCMV, human cytomegalovirus; HIV, human ummuno- 
deficiency virus; HSV-1 and -2, herpes simplex virus 1 and 2; MCMV, 
murine cytomegalovirus, NNRTI, non-nucleoside reverse transcriptase 
inhibitor, NRTI, nucleoside reverse transcriptase inhibitor, PLE, pig 
(porcine) liver esterase; PMEA, 9-(2-phosphonomethoxyethyl)adenine, 
adefovir, PMPA, 9-(2-phosphonomethoxypropyl)adenme, tenofovir; PPA, 
phenyl phosphoralaninate, RT, reverse transcriptase, SATE, S-acylthioethyl, 
SI, selectivity mdex (CCso: ECso); 3TC, L-3’-thia-2’,3’-dideoxycytidine, 
lamivudine, THF, tetrahydrofuran; TK, thymidine kinase, VZV, varicella 
zoster virus 
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active they must be transformed to nucleotide metabolites by 
viral and/or cellular enzymes. This activation process follows 
the pathway utilized by natural nucleosides (Scheme 1). In 
the first step, catalyzed by nucleoside kinases or phosphor- 
ylases, nucleosides or their analogues 1 are phosphorylated to 
give monophosphates 2. The latter are converted to diphos- 
phates 3 by the action of nucleotide kinases. In the next step, 
they are further processed to triphosphates 4 with the aid of 
nucleotide diphosphate kinases. Triphosphates of nucleoside 
analogues 4 then compete with their natural counterparts for 
DNA or RNA polymerases. They either act as terminators of 
growing polynucleotide chain or get incorporated into the 
chain modifying thus the properties of the polymer. Selec- 
tivity of the antiviral effect is then achieved by a differential 
inhibition of viral and cellular polymerases by the corre- 
sponding nucleoside triphosphates. In this respect, the latter 
analogues are the actual therapeutic agents whereas parent 
nucleosides can be considered as prodrugs of triphosphates. 

It is then clear that intracellular introduction of nucleoside 
analogues as phosphorylated metabolites could circumvent 
difficulties associated with the use of nonphosphorylated 
analogues and even activate inactive or less active com- 
pounds. Such an approach obviates the crucial [2] first 
phosphorylation step (Scheme 1) and delivers the mono- 
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Scheme 1 Activation of nucleoside analogues 


phosphate 2 into the cells. However, polarity (hydrophilicity) 
and a ready degradation with phosphatases makes the use of 
free nucleotide analogues 2 impractical. Therefore, much of 
the recent effort has been focussed on finding suitable 
prodrugs of monophosphates of nucleoside analogues (pro- 
nucleotides). It is clear that requirements for such pronucleo- 
tides include (i) resistance to degradation by phosphatases, 
(ii) capability of penetrating the cellular membrane and (ii1) 
generation of the requisite nucleotide analogues 2 inside the 
cell. 

Three groups of pronucleotides, each with a different 
mechanism of action, have gained prominence as antiviral 
agents effective primarily against HIV (Scheme 2). The 
S-acylthioethylphosphate (SATE) pronucleotides 5 elabo- 
rated by Perigaud et al. [3], the phosphoramidates derived 
from amino acids introduced by McGuigan et al. [4] and, 
finally, cyclosaligenyl (cycloSal) pronucleotides 6 designed 
and studied by Meier [5]. In the case of amino acid phosphor- 
amidates, the studies have been largely focussed on phenyl 
phosphoralaninates (PPA) 7 of anti-HIV agents zidovudine 
(AZT) and stavudine (d4T). Extensive structure—activity 
relationship studies [4,6—9] indicated that a combination of 
alanine ester amidate and phenyl phosphate provides for the 
most effective agents. Consequently, PPA triesters have been 


SATE pronucleotide 


CHaCH2SCR 


Nuc—O—P-OCH2CH2SCR R = CH3 or (CHg)aC 


5 


1. Esterase 
2. Hydrolysis via episulfide formation 
3. Phosphodiesterase 





1 





Nuc—O.. : 


O 
oo 


6 


used by several groups of investigators as antiviral pronu- 
cleotides [10— 15] and potential antitumor agents [16,17]. In 
stereochemical terms, only SATE pronucleotides do not 
contain a chiral phosphorus atom but both cycloSal and 
amidate prodrugs 6 and 7 (alanine ester has an 1-con- 
figuration) derived from natural (p) nucleosides are mixtures 
of two diastereoisomers. 

The pronucleotide approach has been a subject of several 
excellent reviews [3,5,18]. Therefore, this contribution will 
focus on subjects not discussed in detail therein and, in 
particular, PPA pronucleotides. 


2. Synthesis 


The synthesis of PPA triesters is shown for stavudine 
(d4T) pronucleotide 8 [4,19] in Scheme 3. d4T (9) is 
phosphorylated by reagent 10 in the presence of N-methyl- 
imidazole as a base to give directly pronucleotide 8. Tetrahy- 
drofuran (THF) 1s a suitable solvent. For less soluble 
nucleoside analogues pyridine can be used [13]. Alternately, 
tert-butylmagnesium chloride was also employed as a base 
[20,21]. Starting analogues contaming thymine (like AZT), 
uracil or adenine moiety are phosphorylated without forma- 


PPA pronucleotide 
NHCH(CH3)CO2CHs 
Nuc—0—P- OCeHs 
7 
1. Esterase 
2. Hydrolysis via 


cyclic anhydride 
3. Phosphoamidase 


. Chemical hydrolysis 


2. Spontaneous cleavage 


in Scheme 1 and 2 
Nuc = nucleoside-5' residue 


CycloSal pronucleotide 


Scheme 2 Pronucleotide approach. 
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NHCH(CH3)CO2CHa 
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Scheme 3. Synthesis of PPA pronucleotides 


tion of a significant amounts of side-products (phosphoryla- 
tion of the heterocyclic portion). For more reactive bases 
(hypoxanthine, guanine, 2,6-diaminopurine), a prolonged 
treatment of the crude product with acid (8096 acetic acid) 
is mandatory to remove products of concommitant phospho- 
rylation of the nucleic acid base [11 — 13]. Alternately, and this 
could be of advantage for nucleoside analogues with limited 
acid stability, the guanine moiety was protected before 
phosphorylation with an N’-dimethylaminomethylene group, 
which was then removed by treatment with propanol [22]. 
Also, no phosphorylation of the cytosine ring using tert- 
butylmagnesium chloride as a base was reported [20]. 


3. Antiviral activity of PPA triesters with an intact or 
modified furanose ring 


These studies have been focussed on PPA pronucleotides 
of AIDS drugs zidovudine (AZT), stavudine (d4T) and 
lamivudine (3TC), anti-HIV agents ddA and d4A as well 
as attempts at introducing anti-HIV activity into some less 
potent or inactive nucleoside analogues (Table 1). The PPA 
pronucleotides of d4T [23], ddA [24] and d4A [21,24] have 


Table 1 
Comparison of Anti-HIV Activity of PPA pronucleotides and parent 
nucleoside analogues 














Compound ECs ó /CCso (uM) 

HIV-/CEM HIV-2/CEM?  HIV-2/CEM-TK 7 
AZT-PPA? 0 055/7172 0 07 12 
AZT? 0 005/5100 0 008 >100 
d4T-PPA? 0.085/>100 0 102 0075 
d4T23 0.16/2: 100 027 25 
ddA-PPA?* 0 016/2 57 0.35 = 
ddA24 4/>100 8 = 
d4A-PPA?! 0.006/3 8 0 018 = 
d4A?! 20/91 20 - 
3TC-PPA?? 2.5/— 3.0 5.5 (65) 
3TC? 001/— 002 0 07 (30)? 
ddisoA-PPA'?* — 0.06/2.9 0.04 - 
ddisoA 9€ 2425/2425 2425 - 
araA-PPA? >250/225 >250 - 
araA25 >10/20 >10 _ 





è For cytotoxicity see HIV-1/CEM 
° HIV-2/CEM-dCK. T 
° MT-4 cells 


an improved potency over the parent analogues against both 
HIV-1 and HIV-2. However, this was not the case of AZT 
[23]. Both AZT-PPA and d4T-PPA [23] were more active in 
thymidine kinase-deficient cells (CEM/TK `) than AZT or 
dAT but the efficacy of pronucleotide d4TPPA surpassed 
that of AZT-PPA. The results have indicated that the 
respective monophosphates were successfully delivered into 
the host cells. It then appears that the rate limiting step for 
AZT is conversion of monophosphate 2 to diphosphate 3 
(Scheme 1) whereas the first phosphorylation may be 
decisive for d4T [23]. By contrast, 3TC-PPA lost most of 
anti-HIV potency associated with 3TC but activity (ECs 
~ 0.02 uM) against hepatitis B virus (HBV) in Hep G2 
2.2.15 cells was preserved [20]. As expected, in CEM- 
TK ` cells the anti-HIV activity pattern remained the same 
but in cells deficient in deoxycytidine kinase (dCK), an 
enzyme crucial for phosphorylation of 3TC, 3TC-PPA had 
no effect. These data were interpreted in terms of differences 
in monophosphate delivery in CEM vs. 2.2.15 cells. An 
inactive analogue ddisoA was successfully activated by 
conversion into PPA pronucleotide [10] but this approach 
failed with araA [25]. 

The PPA pronucleotides were only rarely investigated 
with viruses other than HIV or HBV. Recently, acyclovir 
derivative, acyclovir phenyl phosphoralaninate (ACV-PPA), 
was tested [22] against human cytomegalovirus (HCMV), 
herpes simplex virus 2 (HSV-2) and varicella zoster virus 
(VZV) with disappointing results. The potency against HSV- 
2 was significantly inferior to ACV indicating possibly a poor 
delivery into the infected host cells. The efficacy against 
HCMV and VZV corresponded roughly to that of ACV. 

More interesting results were obtained with phosphonate 
analogues of PPA triesters of antiviral agents adefovir 
(PMEA) and tenofovir (PMPA, Chart 1) [26]. In this case, 
the parent phosphonates are already surrogates of mono- 
phosphates capable of penetrating cellular membrane, and the 
effect of more lipophilic “prophosphonate” is on delivery of 
the phosphonate rather than obviating the first phosphoryla- 
tion step (Scheme 1). Both prophosphonates surpass the 
potency of PMEA and PMPA (Table 2). This is most likely 
due to an increased penetration of cellular membrane relative 
to negatively charged parent phosphonates [27]. Neverthe- 
less, a significantly increased efficacy of prodrug 11b relative 
to 1ts lower homologue 11a is probably indicative of some 
other important factors. A large-scale separation [28] of both 
diastereoisomeric isopropyl alaninates 11e by chiral chroma- 
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Re02CCH(CHg)NH xis 
CeH oP OJ 11a: R4 = H, Re = CH3 
TE 11b: Ry = R2 = CHs 
11c: R4 = CH3, Re = (CH3)2CH 
11 
HO Thy : 
o Mixed PPA/SATE pronucleotides: 
i R 9 
i . AZT—O—P-OCH2CH2SCC(CHs)s3 
O=P—NHCH(CHs)CO;CHs 4 
O o Thy 13 
13a: R = NHCH(CH3)CO2CH3 
ñ 12 13b: R = NHCH»CH2CO2CH3 


12a: L-configuration at C^, R = Ng 
12b: L-configuration at C^, R = F 
12c: D-configuration at C*, R = Ns 
12d: D-configuration at C*, R = F 


13c: R = NHCH(CHa3)z 


Chart 1. Miscellaneous prodrugs based on PPA concept 


tography has made possible for the first time to investigate 
anti-HIV potency of pure diastereoisomers differing by con- 
figuration at the phosphorus atom [28,29]. The S, diaster- 
eoisomer was about 10 times more potent than the Rp 
counterpart. Similar differences in antiviral activity between 
Rp and S, diastereoisomers were noted in the case of cycloSal 
pronucleotides [30,31]. One factor that was not previously 
considered for explanation of these results 1s a different 
behavior of stereoisomers in passage through chiral mem- 
brane channels. In contrast, earlier experiments with partially 
separated R, and S, diastereoisomers of moderately effective 
hexyl phosphorovalinate isopropyl ester of AZT did not 
indicate significant differences in anti-HIV activity [6]. 

An attempted activation of dinucleoside phosphates 
derived from AZT and 3'"-fluoro-3'-deoxythymidine (com- 
pounds 12a—12d) by introducing a methyl alaninate func- 
tion was not successful [32]. This is not surprising because 
the rationale was based on a no longer tenable concept that 
HIV protease might assist in hydrolysis of the PPA 
prodrugs [6]. The AZT “pronucleotides” 12a and 12c 
were about 30 to 40 times less potent against HIV-1 than 
AZT alone. There was no significant difference between p- 


Table 2 
Antt-HIV activity of phenyl phosphonic alaninates 11a and 11b derived 
from PMEA and PMPA 











Compound HIV-1/MT-4 (SD HIV-2/M-T4* (SD MT-4° 
Phosphonate 11a 0 23 (22) 0 15 (34) 51 
PMEA 7.0 (21) 7.5 (19) 144 
Phosphonate 11b 0 029 (2462) 0 026 (2746) 71.4 
PMPA 23 (86) 14 (141) 197 
Selected data from Ref [26]. 

à ECsp (uM). 

CCso (uM). 


and r-alanine derivatives in both pairs of analogues 12a, 
12c and 12b, 12d indicating a similar type of cleavage of 
the phosphodiester bond accompanied by release of some 
AZT. 

Combining SATE and PPA structures has led to mixed 
PPA/SATE pronucleotides 13a that can be activated [33] by 
two different mechanisms (Scheme 3). A comparison of 
anti-HIV effects has shown that potency of 13a 1s slightly 
higher than that of AZT-PPA. Interestingly, both a- and B- 
alaninates 13a and 13b were almost equipotent (ECso 2.9 
and 2.5 uM) whereas the corresponding phenyl phosphoro- 
P-alaninate triester was inactive (see also Ref. [14]). This 
indicates differences in mechanisms of phosphoramidate 
cleavage of both types of pronucleotides although the SATE 
function is preferentially attacked by esterase and the 
delivery of monophosphate occurs via phosphoro-B-alani- 
nate (see Section 5). Replacement of amino acid moiety 
with simple amines led also to active pronucleotides [34]. 
The isopropylamidate 13c was the most potent (ECso 0.63 


uM). 


4. Antiviral activity of PPA triesters of “nonclassical” 
nucleoside analogues 


4.1. Allenes and methylenecyclopropanes 


It is clear from the results discussed above (Table 1) that 
the most extensively studied PPA pronucleotides have been 
derived from nucleoside mimics with a five-membered ring 
(mostly furanose), e.g., AZT, d4T and 3TC. Acyclic ana- 
logues were investigated only rarely [22]. In this chapter, an 
application of the PPA pronucleotide approach to nucleoside 
analogues, which do not possess a furanose moiety or an 
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acyclic portion thereof, will be summarized. The list of 
investigated structures is given in Chart 2. Three groups of 
PPA pronucleotides are readily discerned. The first group 
(compounds 14a and 14b) is derived from allenic anzlogues 
[35,36] 14c and 14d; adenallene (14c) is an anti-HIV agent. 
For comparison, SATE pronucleotide 14e was also included. 
The second group (compounds 15a—15e) is related to (Z)- 
methylenecyclopropane analogues [37] (15f—15j) which 
have a broad antiviral selectivity. The structures of tke third 
group of PPA pronucleotides are more diversified and 
include (£)-methylenecyclopropane pronucleotice 16a 
(parent analogue 16b) as well as unsaturated derivatives 
17a—19a (parent analogues 17b—19b). A common -eature 
of parent analogues in this group is a lack of sigrificant 
antiviral potency. Finally, spiropentane pronucleotice 20a 
derived from a moderately active anti-HCMV agent 28b was 
also examined. 


B CH90—R 


14 
14a: B = Ade, R =PPA 
14b: B = Hyp, R = PPA 
14c:B = Ade, R =H 
14d: B = Hyp, R = H 
14e: B = Ade, R = SATE 


16a: R4 = NHo, R> = H, Rs = PFA 
16b: R4 = NHo, R2 = Ra = H 


MB ce HoO—R 


H H 


17 
17a: RS PPA 17b: RE H 


Ade, 
N— czC— CH;0—R 
19 
19a:R=PPA 19b: R-H 


NHCH(CH3)CO2CHs 
PPA= —P-OCsHs 
O 


Conversion of racemic or (R)-adenallene—14c or (R)- 
14c—to PPA pronucleotides 14a and (“R”)-14a did indeed 
increase the anti-HIV-1 activity [11] in ATH-8 cells but at an 
expense of increased cytotoxicity and overall selectivity 
index (SI) was lower than that of adenallene 14c or (R)- 
14c (Table 3). This is probably caused by an elevated 
intracellular level of adenallene phosphates which could 
then interact with cellular DNA polymerases. Comparison 
of anti-HIV-1 potency of PPA and SATE pronucleotides 14a 
and 14e in three different assays [38] has indicated that the 
former prodrugs are more potent and they exhibit a more 
favorable SI (Table 4). It 1s possible that intracellular 
phosphodiesterase, which is necessary in the process of 
activation [3] of SATE pronucleotides, is unable to effi- 
ciently cleave phosphodiester intermediate arising during 
activation of allenic pronucleotide 14e. Although anti-HIV 
activity of adenallene (14c) parallells that of ddA and ddl 


Ry 
YS 
REN T 
CH= 
15 
15a: R4 = NHə, Rə = H, Rg = PPA 
15b: Ry = OH, Ro = NH, Rg = PPA 
15c: R4 = Ro = NH», Rg = PPA 
15d: Ry =[>>—NH, R2 = NH3, Rg = PPA 
15e: Ry = CH3O, R2 = NHo, Rg = PPA 
15f: Ry = NH2, Ro = Rs = H 
15g: Ry = OH, R2 = NH2, Rg = H 
15h: Ry = Re = NHb, Rg = H 
151: R, = [>—NH, Re = NHə, Rg = H 
15J: R, = CHsO, R2 = NH3, Rg = H 
Ade H 


CH20 —Rs 


H CH20—R 
18 


18a: RZ PPA 18b:R=H 
CH,O—R 


Ade— [><] 


20 
20a:R=PPA 20b:R=H 


ll 
SATE= — Pr — OCHeCH2SCC(CH3)a/2 
o ; 


Chart 2 Pronucleotides o7 “nonclassical” antiviral nucleotide analogues. 
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Table 3 

Anti-HIV activity of PPA pronucleotides of adenallene* 14a 

Compound EC5o/CC59 (uM) SI 
14a 0.88/2.1 24 
Adenallene (14c) 14/2100 >71 
(“R”)-14a 0.21 14 
(R)-Adenallene [(R)-14c] 5 8/2200 235 


Selected data from Ref. [11]. 
^ HIV-1/ATH8 


[35], the corresponding hypoxallene analogue 14d and PPA 
prodrug 14b had little anti-HIV activity [11]. The activation 
mechanism, initiated by phosphorylation [39] which is 
available to ddI (conversion to ddA monophosphate) is then 
inoperative in the case of hypoxallene (14d) or the corre- 
sponding monophosphate generated from 14b. 
Investigation of PPA pronucleotides of methylenecyclo- 
propane analogues was performed in several viral assays 
and permitted to draw some conclusions about the struc- 
ture—activity relationships. From prodrugs 15a—15e listed 
in Chart 1, adenine and 2,6-diaminopurine pronucleotides 
[13,40] 15a and 15c were the most potent against HIV-1 in 
three assays (Table 5). Although they were more toxic, their 
SI values surpassed that of parent compounds 15f and 15h. 
Especially effective was the 2,6-diaminopurine analogue 
15c. Interestingly, active PPA prodrug 16a was also 
obtained from inactive E-analogue 16b. Both pronucleotides 
15a and 15c were also active [40] against a clinical HIV-1 
isolate in PHA -PBM cells. They were about 10 times less 
active against HIV-2 than HIV-1 [40] (Table 6). Because 
most of the non-nucleoside reverse transcriptase inhibitors 
(NNRTIs) are effective only against HIV-1 (see Ref. [41] for 
an exception), this result has indicated that 15a and 15c act 
as nucleoside reverse transcriptase inhibitors (NRTIs) or 
their phosphorylated metabolites. Pronucleotides 15a and 
15c derived from racemic analogues 15f and 15h are 
mixtures of four diastereoisomers. Anti-HIV activity of 
diastereoisomers 15c obtained from enantiomers of 15h (2 
diastereoisomers from each enantiomer) indicated that both 
are effective against HIV-1 albeit the (*R?)-15c was about 
six times more potent than (“S”)-15c [42]. Guanine pronu- 
cleotide 15b and the parent analogue 15g were inactive. 
Sensitivity of pronucleotides 15a and 15c toward HIV-1 
strains resistant to AZT, ddI and multiple NRTIs was also 
investigated [40]. No cross-resistance of 15a and 15c with 


Table 4 
Comparison of anti-HIV activity of PPA and SATE pronucleotides of 
adenallene 14a and 14e [38] 





Compound EC39/CC5o (uM) 

HIV-1/IHB HIV-l/LAI 

CEM-SS MT-4 MT-2 
14a 0.35/44 (126) 0.4/7 5 (19) 041/5 (12) 
14e 12/210 (28.3) 89/10 C1 D 6.408 (4 4) 


* The SI values are in parentheses 


Table 5 

Inhibition of HIV-1 replication by phosphoralaninate prodrugs of Z- and E- 
methylenecyclopropane analogues 15a, 15b, 15c, 16a and parent analogues 
15f, 15g, 15h, 16b 


Compound ECsp/CCsp (uM) 

HIVqig RT? HIViar 

CEM-SS MT-2° MT-23 
15a 005/11 Q2) 0.0026/0 24 (92) 0 0022 
15f 20/2100 (>5) 0.75/32 (43) 0.54 
15b 2100/2100 >76/76 - 
15g 2100/2100 >70/70 - 
15c 0.2/38 (190) 0 034/21 (618) 0 0038 
15h >100/>100 12/>100 (>8) 4.1 
16a 1 3/66 (51) 0.66/24 (6) 051 
16b >100/>100 >100/>100 not tested 


Selected data from Refs. [13,40] 
? The SI values are in parentheses 
> Reverse transcnptase (RT) activity assay. 
° Cytopathic effect (CPE) assay 
4 Inhibition of p24 Gag protein production 


any of these strains was observed (Table 7) as judged from 
the ECso values compared with a wild type of HIV-1. As a 
continuation of these studies, an HIV-1p,g variant resistant 
to most effective pronucleotide 15¢ was selected [43]. The 
variant exhibited cross-resistance to 3TC but not AZT or ddl 
(Table 8). It was also less sensitive to pronucleotide 15a. 
Nevertheless, initial mutation M184 from Met to Ileu 
persisted after 16 passages and it did not change to Val as 
observed with 3TC. Further investigation has indicated that 
HIV-1My49; and HIV agv variants [43] resistant to 3TC are 
sensitive to AZT and ddI. Resistance to pronucleotides 15a 
and 15c is approximately 50—70 times lower than to 3TC 
(Table 9). There is little structural similarity between 3TC 
and pronucleotide 15c except the diaminopyrimidine por- 
tion of the base which resembles the cytosine ring of 3TC. 
Molecular modeling studies of a “stalled” complex of 3TC 
triphosphate with reverse transcriptase (RT) indicate that 
oxathiolane portion interacts with Ileu or Val [44] of 
mutated enzyme. Such interaction may be sterically less 
demanding in a more compact methylenecyclopropane 
triphosphate generated from 15c. At any rate, studies of 
diastereoisomers (*R?)-15c and (“S”)-15e are necessary to 
clarify the mechanism of resistance. 

Pronucleotides 15a, 15c and 16a were significantly 
more effective against HBV in vitro [13] than parent 
analogues 15f, 15h and 16b (Table 10). The activity pattern 
followed that found in HIV assays (Table 5). Again, the 


Table 6 
Comparison of activity of PPA pronucleotides 15a and 15c against HIV-2 
and HIV-1 


Compound ECs (uM) 

HIV-2p9p/MT-2 HIV-It A/MT2 
15a 003 0 002 
15c 038 0 038 


Data from Ref [40] 
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Table 7 
Activity of PPA pronucleotides 15a and 15c against wild-type and drug- 
resistant infectious HIV-1 


Compound ^ ECs (uM) 
HIV-l,; HIV-las — HIV-lg4 HIXYV-16275/7n16n51 
15a 0.029 0 03 0.013 0.037 
15c 0.36 030 039 0.39 
AZT 0.017 014 0013 11 
ddI 3.7 4.2 25.4 47 


HIV-1447 wild-type, HIV-15,5 = AZT-resistant, HIV74=<ddl-resistant, HIV- 
lgorsrminiensi 7 multiple ddN-resistant stram of HIV-1 
Adapted from Ref [40] 

* MT-2 cells, p24 Gag protein was determined by radio1mmunoassay 


2,6-diaminopurine pronucleotide 15c has the most favor- 
able SI. Importantly, it has also little long-term toxicity 
measured as inhibition of mitochondrial DNA synthesis. 
Anti-HBV activity of diastereoisomers 15c obtained from 
enantiomers of 15h exhibited a trend reversed from that 
found in HIV assays; the (“S”)-15¢ was about twice as 
potent as (“R”)-15e [42]. A strong anti-HIV and anti-HBV 
potency of PPA pronucleotides 15a and 15e (Tables 5 and 
10) was not duplicated in prodrugs 15d and 15e, which 
were equally or more active but also cytotoxic. Only 
guanine pronucleotide 15b was five times more effective 
than the parent analogue 15g and noncytotoxic. Conse- 
quently, circumvention of the first phosphorylation step 
(Scheme 1) provided little benefit. 

Against HCMV and murine cytomegalovirus (MCMV), 
all parent analogues 15f—-15j were active [45,46] and, 
therefore, it was of interest to study the respective PPA 
pronucleotides 15a—15e (Table 11). The antiviral potency of 
pronucleotides remained roughly the same [13] and any 
increases were accompanied by an elevated cytotoxicity (see 
15a and 15e). Interestingly, a slightly improved activity 
without cytotoxic effect was noted with 2,6-diamino pronu- 
cleotide 15c but guanine analogue 15b was less potent than 
the parent compound 15g. Potency of 2,6-diaminopurine 
pronucleotide 15c, which was effective against HIV and 
HBV (Tables 5 and 10), was increased only two to six times 
over that of 15h and it decreased in MCMV assay. Interest- 
ingly, the cytotoxicity effects observed in human (HFF) 


Table 8 
Sensitivity of the stram HIV-1 p,s resistant to PPA pronucleotide 15c-toward 
anti-HIV agents 


Compound ECso (uM) CCo (uM) 
HIV-liA; HIV-Ipig MT2 

15a 0.012 2049 (241 x) 0.49 

15c 0.047 4.9 (104 x) 28 

AZT 0.028 002 (1x) >100 

ddI 3.9 5.7 (2 x) 59 

3TC 091 >1000 (>1100 x) _ 


The fold differences relative to HIV-1; 4; are given ın parentheses 
Adapted from Ref. [43]. 


Table 9 
Sensitivity of infectious HIV-1 reverse transcriptase mutants to PPA 
pronucleotides 15a and 15c and other anti-HIV agents 





Compound EC¢o (uM) CCso (uM) 
HIV-ly, HIV-lwu4n HIV-Inigav 

15a 0 026 0 24 (9 x) 03 (12 x) 052 

15c 0.29 2.6 (9 x) 3.1 (1I x) 23 

AZT 0.04 0.008 (02 x) 0.006 (0 15 x) »100 

ddI 3.0 23 (08x) 45 (2 x) 61 

3TC 17 >1000 (>590 x) >1000 (2590 x) >1000 





The fold differences relative to HIV-I, are given in parentheses. 
Adapted from Ref. [43] 


culture were absent in murine (MEF) cells throughout this 
series of pronucleotides. The diastereoselectivity—(“S”)- 
15c was more potent than (“R”)-15c—[42] followed S 
enantioselectivity pattern observed in purine methylenecy- 
clopropane nucleoside analogues 15f—15j. 

The results with other herpesviruses followed a similar 
trend. Parent analogues 15f—15j are only poor inhibitors of 
replication of HSV-1 and HSV-2 [45,46]. The antiviral 
activity was increased in all tested pronucleotides [13] 
except guanine PPA prodrug 15b (Table 12), which was 
inactive and noncytotoxic. Cytotoxicity increases were 
apparent with other pronucleotides. 

The activity of parent analogues 15f—15j against 
Epstein—Barr virus (EBV) (Table 13) is similar to that of 
observed in anti-HCMV assays (Table 11) [45,46]. A 
comparison of pronucleotide effects is then of interest. 
Introduction of PPA grouping into parent analogues 
increased significantly the anti-EBV potency in both H-1 
and Daudi cells only in a single case of pronucleotide 15e. 
This effect was accompanied by cytotoxicity. Overall, the 


Table 10 
Inhibition of replication of HBV by PPA pronucleotides 15a, 15b, 15c, 15d, 
15e, 16a and parent analogues 15f, 15g, 15h, 15i, 15j, 16b 





Compound EC5o/CC5o (uM) 

HBV/2.2.15 mtDNA* 
15a 0 01/0 3 (30) - 
15f 2/2100 = 
15b 2/>100° 
15g 10/>100° 
15c 0 08/45 (564)? >50 
15h 10/>100° - 
15d 2/9° - 
15i 2/>100° < 
15e 2/2.2* i 
15j >10/>100° - 
16a 12/45 - 
16b 210/2100 - 


ddC 1.4 0 07 


Selected data from Ref [13] 

?* ICso (uM) of inhibition of mitochondrial (mt) DNA synthesis in CEM 
cells 

b Selectivity index (SI) 

° Cytotoxicity was determmed in CEM cells. 
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Table 11 
Inhibition of HCMV and MCMV replication by PPA pronucleotides and 
parent methylenecyclopropane analogues 


Compound ECs0/CCso (uM) 
HCMV/HFF MCMV/MEF 
Towne" AD 169° 
15a 014/25 not tested not tested 
15f 2 1/2100 - - 
15b 4 2/2100 25/2206 3 3/2206 
15g 2 1//72100 1 2/2429 0.3/2429 
15c 4/2100 7 8/121 3 2/211 
15h 24/>100 16/266 0 6/293 
15d 0 25/10 6 2/126 0.94/101 
15i 0 4/2100 2 4/327 0 37/220 
15e 0.16/3 7 4 5/34 0.24/126 
15j 3 1/2100 5 3/>404 0.4/261 


Selected data from Ref [13]. 
® Visual cytotoxicity. 
> Cytotoxicity by neutral red dye uptake 


effect of PPA pronucleotides seems to be less pronounced 
than in HCMV assays. Stronger assay variations (H-1 vs. 
Daudi) are also typical. For example, pronucleotide 15a was 
cytotoxic only in H-1 cells. The “R” and “S” diaster- 
eoisomers of 15c exhibited a varying assay-dependent 
stereoselectivity against EBV as observed with the enan- 
tiomers of parent analogue 15h [42]. 

Anti-VZV activity can be, to some extent, compared to 
HSV-1 and HSV-2 results (Table 12). Parent analogues 15f— 
15j lack, with the exception of 15f, any significant potency 
against VZV 1n HFF cells (Table 13). Adenine analogue 15f 
was the only one whose activity was not substantially 
increased after transformation to pronucleotide 15a. In other. 
cases, quite substantial increases of activity were observed 
pointing to importance of the first phosphorylation step 
(Scheme 1). The SI of 15c, 15d and 15e was significantly 


Table 12 
Inhibition of HSV-1 and HSV-2 replication by PPA pronucleotides and 
parent methylenecyclopropane analogues 


B EC /CCso(uM) — —  — CCso (uM) 
HSV-1 HSV-2 KB 
BSC-1? Vero" 
15a 2.5 >1/1 >1/1 05 
15f 26 28/>100 59/>100 78 
15b >100 2100/2100 7100/2100 7100 
15g 2100 7100/2100 2100/2100 >100 
15c 50 30/35 15/35 40 
15h 2100 7100/2100 2100/2100 2100 
15d 5 0 9/9 1.8/9 65 
15i 15 31/2100 41/2100 2100 
15e 2 06/22 0.6/22 80 
15j 33 250/2100 250/2100 2100 





Selected data from Ref. [13]. 

* ELISA (enzyme-linked immunosorption assay) For cytotoxicity see 
KB cells. 

^ Plaque reduction assay Cytotoxicity was determined ın CEM cells. 


Table 13 
Inhibition of EBV and VZV replication by PPA pronucleotides and parent 
methylenecyclopropane analogues 


Compound EC, /CCso (uM) 
EBV/H-1 EBV/Daudi VZV/HFF 

15a Ovi? 1.0/>108 7 6/4.3 
15f 0 2/550 3 2/368 2.5/»429 
15b 210/550 031/2103 8 1/>206 
15g 0 3/250 56/2214 61/279 
15c 5 5/35* 3 8/26 10/121 
15h 15/250 6 9/2215 93/266 
15d 10/23 23/19 0.64/126 
15i 4/>100° 12/2184 13/327 
15e 0 4/4.6 0 75/4 4 0 12/34 
15j 16/550 18/2202 24/404 





Selected data from Ref [13] 
* Cytotoxicity was determined m CEM cells 


increased over the parent analogues, a trend not seen in 
other herpesvirus assays (Tables 11—13). The diaster- 
eoisomer “S”-15c was three times more active than “R”- 
15c [42]. 

Parent analogues 15h—15j can be considered as potential 
precursors of guanine derivative 15g [13]. Nevertheless, 
guanine pronucleotide 15b showed lesser activity than 2,6- 
diaminopurine prodrug 15c in almost all assays and, most 
notably, against HIV (Table 5). This supports a hypothesis 
that antiviral potency of 15c is not dependent on intra- 
cellular conversion to phosphorylated intermediates resul- 
tant from guanine analogue 15g. It is possible that 2,6- 
diaminopurine pronucleotide 15c is an analogue of adenine 
prodrug 15a. Although the results with pronucleotides 15d 
and 15e are less clear-cut, evidence from several assays 
suggests that their antiviral effects do not require trans- 
formation to phosphorylated metabolites of 15g. Alternately, 
guanine pronucleotide 15b may not penetrate the cellular 
membrane as easily as the more lipophilic prodrugs 15a and 
15c- 15e, which are then converted to phosphates of 15g. In 
addition, a weak substrate efficiency of phosphoramidate 
intermediates for phosphoamidase, an enzyme important for 
metabolism of PPA pronucleotides (see Section 5), may also 
hamper the antiviral potency of 15b. Interestingly, ACV- 
PPA, a guanine derivative, is likewise a poor antiviral agent 
[22]. Further studies are clearly needed to clarify all these 
aspects. 

Although PPA pronucleotides of nucleoside analogues, 
particularly of AZT and d4T, were subjects of many studies 
(see Section 3) data on in vivo activity have been scarce 
[18]. In one instance [47], mice infected with MCMV were 
treated orally with 2-amino-6-methoxypurine pronucleotide 
15e (Table 14). The results were almost identical with those 
obtained for a ganciclovir control at both tested levels (40 
and 10 mg/kg) and no toxicity was observed. Equally, 
cytotoxicity was absent in in vitro assay of pronucleotide 
15e against MCMV as contrasted with HCMV (Table 11). 
Therefore, prodrug 15e may not be a drug candidate of 
choice against HCMV but the results mdicate that PPA 
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pronucleotides can be effective in vivo without adverse 
toxicity. The results with 15e also indicate that phenol 
[18] released from PPA pronucleotides in the process of 
activation (see Section 5) does not cause toxicity, at least in 
mice. 


42 Other nucleoside analogues lacking the carbohydrate 
moiety 


It was of interest to extend the PPA pronucleotide 
concept to other analogues whose structures are distant 
from a “classic” ribofuranose form of nucleosides. Four 
types of such prodrugs (17a—20a), which were all derived 
from inactive or moderately active parent compounds (17b— 
20b, Chart 2) were investigated. The focus of pronucleo- 
tides 17a—19a was on anti-HIV activity [11,12] whereas a 
more comprehensive antiviral study was performed [48] 
with spiropentane prodrug 20a. Pronucleotide of cis-butenol 
analogue 17a was effective against HIV-1 in ATH-8 cell 
submicromolar level with a low cytotoxicity (EC. /CCso 
0.5/100 nM). By contrast, the trans isomer 18a was mactive 
but it was cytotoxic (CCso 1 uM) [12]. Acetylenic com- 
pound 19a was inactive and noncytotoxic [11] Pronucleo- 
tide 20a whose parent analogue 20b is only moderately 
effective against HCMV was active [48] against HCMV in 
HFF cells (Table 15) without cytotoxicity. Inhibition of 
replication of EBV, HIV-1 and HBV in micromolar range 
was also noted although accompanied by a varying degree 
of cytotoxicity. Prodrug 20a was only moderately effective 
against HSV-1 and HSV-2. 

The results with 17a and 20a along with the results 
obtained with allenic and methylenecyclopropane pronu- 
cleotides (Section 4.B) show that a wide range of nucleoside 


Table 14 
Effect of oral treatment with pronucleotide 15e on the mortality of Balb/c 
mice inoculated with MCMV 


Mortality 
Number Percent P-value MDD* P-value 





Treatment 








Pronucleotide 15e 


Placebo--0.4% CMC^ 13/15 87 - 6 - 
40 mg/kg 1/15 7 <0.0001 6 NS° 
40 mg/kg-toxicity! 0/10 0 _ _ - 
10 mg/kg 8/15 53 NS 5 NS* 
10 mg/kg-toxicity? — 0/10 0 _ _ _ 

Ganciclovir 

Placebo water 14/15 93 - 6 - 
40 mg/kg 2/15 13 <0.0001 10 NS° 
10 mg/kg 7A5 47 «0.05 7 NS? 








Animals were treated twice daily for 5 days beginning 24 h after viral 
moculation 
Adapted from Ref [47] 

* MDD, mean day of death 

> CMC, carboxymethyl cellulose 

° NS, not statistically significant when compared to placebo control 

5 Uninfected animals. 


Table 15 
Antiviral activity of phosphoralaninate prodrug of medial-syn spiropentane 
analogue of 2'-deoxyadenosine 20a and parent analogue 20b 











Compound" HCMV HSV-1 HSV-2 
HFF? BSC-1° Vero?4 Verot 
20a 038/100 70/70 20/27 31/27 
20b 20/100 70/>100 >50/>100 >50/>100 
Compound" EBV HIV-1* HBV 
Daudi CEM-SS 2.2.15 
20a 2.8/7.6 3 5/32 3.1/278 
20b 22/202 >100/>100 >10/>1004 


Selected data from Ref [48] 


* ECso/CCso (uM) 

> Plaque reduction 

° ELISA 

4 Cytotoxicity was determined m CEM cells. 
* Reverse transcriptase assay 


analogues can be activated by a PPA pronucleotide ap- 
proach. 


5. Mechanism of action of PPA pronucleotides 


The mode of action of PPA pronucleotides is shown in 
Scheme 4. The matter is a subject of current intense 
investigation and more refinements of this mechanism are 
to be expected. As in the case of SATE pronucleotides [3], 
the alanine ester group of PPA pronucleotide is first hydro- 
lyzed by an intracellular esterase to give intermediate 21. 
Pig liver esterase (PLE) has been widely used as a model of 


‘intracellular enzyme(s) [11,12,48,49,50] but, recently, 


esterase(s) capable of hydrolyzing PPA pronucleotides were 
detected in cellular extracts and serum [51]. It was sug- 
gested that PLE-catalyzed hydrolysis can be used as a 
predictor for anti-HIV activity of PPA pronucleotides and 
related analogues [8]. Nevertheless, other studies have 
indicated that this activity 1s just one of several factors 
determining the antiviral efficacy of PPA prodrugs [11,12, 
51—53]. 

The esterase step is followed by an intramolecular dis- 
placement of the phenoxy group by the carboxylate anion of 
intermediate 21 to form a five-membered ring mixed anhy- 
dride 22. The ease of cyclization depends on the structure of 
the analogue. Thus, cyclization of intermediate 21 derived 
from AZT is more difficult than that of d4T [51]. In case of 
P-alaninate pronucleotide, the esterase-catalyzed hydrolysis 
stops after the first step and no cyclic anhydride with a six- 
membered ring is formed [33,51]. 

In the next step, anhydride 22 suffers a hydrolysis which 
is not enzyme-assisted to give phosphoralaninate 23. 
Because possibility of a P—N bond cleavage was ruled 
out [50], hydrolysis can only proceed by an attack A at 
the carbonyl group of 22 or attack B at the phosphate 
portion. Usually, hydrolysis or methanolysis of mixed 


J. Zemlicka / Biochimica et Biophysica Acta 1587 (2002) 276—286 285 


HCH(CH3)CO2CHs esterase 
Nuc—O—P-OCsHs 
O 





HaC, 
CH-CO> (-) 
HN _/ 


Nuc—O—P“OCsHs 


O 
6 21 
H20 (attack A) 
H 
He NP HCH(CH3)CO2H phosphoamidase N 
—— Nuc—0—P-0H —— Nuc—0—P-0H 
HN. 0 n O 
Nuc— oo 23 \\ phosphodiesterase // 2 


22 H20 (attack B) 


? 


Nuc = nucleoside-5' residue or related moiety 


Scheme 4. Mechanism of action of PPA pronucleotides 


carboxylic and phosphoric anhydrides [54] proceeds by 
attack A, but in the case of five-membered ring anhydrides 
attack B can prevail [55,56]. The mode of hydrolysis of 
intermediate 22 then remains to be established. 

Phosphoralaninate 23 was the final product of PLE- 
catalyzed hydrolysis of a number of PPA pronucleotides 
of different structure [11,12,48—50]. It was shown that 
product 23 can be accumulated inside the cells and serve 
as a depository form of the respective monophosphate [49]. 
Interestingly, d4T phosphoralaninate 23 exhibited anti-HIV 
effect comparable to d4T [49] but a similar derivative of 
adenallene (14e) was inactive [12]. The latter more polar 
analogue may be less penetrable through the cellular mem- 
brane. Adenallene phosphoralaninate 23 also did not inhibit 
HIV-RT. 

Although it was suggested earlier that the last activation 
step, conversion of phosphoralaninate 23 to monophosphate 
2, is catalyzed by intracellular phosphoamidase [11,49], a 
direct evidence has been missing. More recently, a purified 
enzyme obtained from rat liver was capable of converting 
intermediates 23 derived from AZT-PPA and d4T-PPA to 
the corresponding monophosphates 2 [51]. The substrate 
efficiency can vary substantially. Thus, AZT phosphorala- 
ninate 23 is less readily hydrolyzed than the d4T derivative 
[51]. However, phosphoamidase is apparently capable of 
hydrolyzing substrates of a wide range of structures, e.g., 
phosphoralaninates 23 of isoddA [10], allenic [11], spiro- 
pentane [48], methylenecyclopropane [13] and other unsa- 
turated analogues [12], as judged from antiviral activity of 
the corresponding PPA pronucleotides. It was suggested 
earlier [50] that intermediates 23 can also be converted to 
monophosphates by the action of phosphodiesterase. Such a 
proposal seemed a: variance with a report [57] that phenyl- 
alanyl analogue of intermediate 23 derived from thymidine 
was a product of cleavage of the corresponding oligonu- 
cleotide by snake venom phosphodiesterase. This indicated 
that P—N bond in 23 was resistant to the action of latter 
enzyme. Also, phosphoramidate 23 resultant from adenal- 
lene PPA (14a) wes not cleaved by snake venom phospho- 
diesterase [11]. However, according to more recent findings, 


phosphoralaninates 23 derived from AZT and d4T were 
degraded [51]. At any rate, it is not clear whether a 
mammalian phosphodiesterase (5’-exonuclease) can effec- 
tively cleave intermediates of type 23. 
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Abstract 


(E)-5-(2-bromovinyl)-2'-deoxyundine (BVDU) is a potent inhibitor of herpes simplex virus type 1 (HSV-1) and varicella-zoster virus 
(VZV). Its mechanism of action 1s based on a specific conversion to its 5'-mono- and 5'-diphosphate derivative by HSV-1- and VZV-encoded 
thymidine kinase, and after further conversion to its 5'-triphosphate derivative, mhibition of the viral DNA polymerase and eventual 
Incorporation into the viral DNA Recently, a new structural class of bicyclic pyrimidine nucleoside analogues (designated BCNAs) with 
highly specific and selective anti- VZV activity m cell culture has been discovered The compounds need a long alkyl or alkylaryl side-chain 
at the base moiety for pronounced biological activity. This property makes these compounds highly lipophilic They are also endowed with 
fluorescent properties when exposed to light with short UV wavelength. In striking contrast to BVDU, the members of this class of 
compounds are active only agamst VZV, but not against any other virus, including the closely related HSV-1, HSV-2 and cytomegalovuus. 
The most active compounds inhibit VZV replication at subnanomolar concentrations and are not toxic at high micromolar concentrations. 
The compounds lose their antiviral activity against thymidine kinase (TK)-deficient VZV strains, pointing to a pivotal role of the viral TK m 
their activation (phosphorylation). Kinetic studies with purified enzymes revealed that the compounds were recognized by VZV TK as a 
substrate, but not by HSV-1 TK, nor by cytosolic or mitochondrial TK VZV TK ıs able to phosphorylate the test compounds not only to their 
corresponding 5'-mono- but also to their 5’-diphosphate derivatives. These data may readily explain and rationalize the anti-VZV selectivity 
of the BCNAs There is no clear-cut correlation between the antiviral potency of the compounds and their affinity for VZV TK, pointing to a 
different structure/activity relationship of the eventual antiviral target of these compounds The compounds are stable in solution and, in 
contrast to BVDU, not susceptible to degradation by thymidine phosphorylase. The bicyclic pyrimidine nucleoside analogues represent an 
entirely new class of highly specific anti- VZV compounds that should be further pursued for clinical development. © 2002 Elsevier Science 
B V. All rights reserved. 
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1. Introduction current treatment protocols for human viral infections. In 
particular, many nucleoside analogues with interesting bio- 
logical properties have arisen by substitution at the 5- 
position of the uracil base in the 2’-deoxyuridine series 
[1]. The 5-(2-substituted-vinyl)-2'-deoxyuridines, ın partic- 
ular ((£)-5-(2-bromoviny])-2’-deoxyuridine, BVDU, 
_ Brivudin®), have emerged as potent and selective inhibitors 


Nucleoside analogues are well known as antiviral agents 
of biological interest and clinical utility, dominating the 





Abbreviations BVU. (E)-5-(2-bromovinyl)uracil, BVaraU, arabmosy] 
derivative of BVDU, BVDU, (E)-5-(2-bromovinyl)-2-deoxyundine; B Vri- 
boU, ribosy! derivative of BVDU; ACV, acyclovir, HSV-1, herpes simplex 
virus type 1, HSV-2, herpes sumplex virus type 2; CMV, cytomegalovirus, 
ECs, 50% effective concentration, CCso, 50% cytostatic concentration; TK, 
thymidine kinase; VZV, varicella-zoster virus; BCNA, bicyclic nucleoside 
analogue; TPase, thymidine phosphorylase, DPD, dihydropynmidme 
dehydrogenase; CiogP, calculated logarithm of the partition coefficient 
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of herpes virus replication, particularly against HSV-1 
(herpes simplex virus type 1) [2—4]. 5-Alkynyl-2’-deoxyur- 
idines have also been studied as potential antiviral agents, 
the parent 5-ethynyl derivative being a potent inhibitor of 
HSV-1, HSV-2 (herpes simplex virus type 2) and VV 
(vaccinia virus) [4]. However, this compound is also rather 
cytotoxic and its antiviral selectivity is low [4,5]. 

Herpes virus-encoded thymidine kinases (TK) often 
appear to be able to phosphorylate 5-substituted 2'-deoxy- 
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uridines to their 5'-monophosphate derivatives [6], and 
HSV-1 and VZV TK can even further convert the 5'-mono- 
phosphates to their 5'-diphosphate counterparts [7—9]. Most 
nucleoside analogues are further phosphorylated to the 
triphosphate derivatives by cellular enzymes, acting as 
inhibitors of virus-encoded DNA polymerase and/or as 
substrate analogues of these enzymes. Subsequent incorpo- 
ration into viral DNA often represents the molecular basis of 
their antiviral action, although other targets such as virus- 
specified ribonucleotide reductase or even thymidylate syn- 
thase [10,11] can be considered as a potential antiviral target 
for the phosphorylated nucleoside analogues as well. So far, 
all anti-VZV drugs and the majority of antiherpes agents are 
specifically activated (phosphorylated) by the virus-encoded 
thymidine kinase (TK) [2,12]. 

The structure of HSV-1 thymidine kinase was initially 
solved as a complex with gancyclovir [13] and with the 
natural substrate [14,15]. More recently, complexes of HSV- 
1 TK with the antiherpes drug, acyclovir, [16] and a non- 
substrate inhibitor, to high resolution, have been published 
[17], but VZV TK has not been crystallized and its three- 
dimensional structure is unknown. However, the numerous 
detailed coordinate sets of HSV-1 TK should be of value in 
determining the structure of the VZV TK, as these two 
enzymes share 29% amino acid sequence identity [18]. 
Knowledge of the sites of binding of many ligands of 
interest should provide a framework for understanding the 
different substrate specificities of a range of TKs, including 
those from other herpes viruses. 

The chemical synthesis of 5-alkynyl-2'-deoxyuridines 
involves the Pd-catalysed coupling of a terminal alkyne 
with a 5-substituted (usually 5-iodo) 2'-deoxyuridine 
[19,20]. Whilst these methods give reasonable yields of 
the desired 5-alkynyl product, they always give variable 
quantities of a fluorescent by-product, characterized as the 
cyclised furano system [19—21]. Such by-products appa- 
rently arise from the Pd (or Cu) catalysed cyclisation of the 
desired product and, indeed, can be prepared directly from 
the 5-alkynyl product upon copper treatment [19]. Previ- 
ously, the only well-characterized examples of these furano 
nucleosides have been the parent compound (arising from 
cyclisation of 5-ethynyl-2'-deoxyuridine) [22—24] and the 
n-butyl analogue [19]. Biological evaluation of these 
furano nucleosides has not been extensive to date but the 
parent compound was noted to be inactive against HSV-], 
HSV-2, CMV and VZV [24]. Conventional wisdom would 
be that longer chain homologues would be similarly 
inactive. 

We have recently discovered that certain long-chain 
substituted fluorescent furano bicyclic nucleoside analogues 
(designated BCNAs) are in fact potent and selective inhib- 
itors of VZV replication 1n cell culture [25 —28]. This novel 
discovery has great potential for further exploration with the 
distinct possibility of new and improved drug discovery. 
The lead compound Cf1368 has—in cell culture—an anti- 
VZV activity, which is 100-fold more potent (EC;so: 0.008 


uM) than the current anti-VZV drug of choice (acyclovir: 
prodrug Valtrex) [25]. Moreover, we could not detect pro- 
nounced toxicity in cell culture. Surprisingly, this drug is 
active only against VZV, being completely inactive against 
any other virus, including the closely related HSV-1, HSV-2 
and CMV. This pronounced antiviral selectivity is unprece- 
dented. 

This review describes the antiviral activities of the novel 
anti-VZV compounds, their structure—antiviral activity rela- 
tionships and initial studies on their metabolic/enzymatic 
activation/inactivation pathways and the possible mecha- 
nism of antiviral action. 


2. Structure—antiviral activity relationship of BCNAs 
against VZV replication in cell culture 


All BCNAs were evaluated for their inhibitory activity 
against VZV replication m human embryonic lung (HEL) 
cell cultures. Confluent HEL cells were grown in 96-well 
microtiter plates and innoculated with two wild-type (OKA 
and YS) and two thymidine kinase-deficient (07/1 and YS/ 
R) VZV strains at 100 plaque-forming units (PFU)/well. 
Antiviral activity of the test compounds was expressed as 
their 50% effective concentration (ECs9) or compound 
concentration required to reduce viral plaque formation by 
50% compared with untreated controls. The 50% cytostatic 
concentration (CCso) of the BCNAs was determined as the 
compound concentration required to inhibit exponentially 
growing HEL cell cultures by 50% (after counting the cell 
number using semiautomated Coulter counting). 


2 1. BCNAs with a simple n-alkyl side-chain 


Among those BCNAs that contain a simple alkyl side- 
chain on the bicyclic base ring, the optimal carbon chain 
length to display the most potent anti-VZV activity ranked 
between 8 and 10 (Table 1). Indeed, the anti-VZV activity 
(ECs) of these BCNAs was between 0.008 and 0.02 uM. At 
shorter or longer side-chain lengths, the antiviral activity 
markedly decreased by at least 1—2 orders of magnitude. 
When compared with BVDU and acyclovir (ACV), the 
most active anti-VZV BCNAs with a simple alkyl side- 
chain were virtually equally effective as the antiherpes virus 
drug BVDU (ECse: 0.005 uM) but at least 200-fold more 
active than ACV, the current drug of choice for the clinical 
treatment of VZV (Table 1). As for ACV and BVDU, the 
BCNAs fully lose antiviral activity against thymidine kin- 
ase-deficient VZV strains, pointing to a crucial role of the 
VZV-encoded TK in the activation (phosphorylation) of the 
BCNAs (Table 1). Interestingly, none of the BCNAs listed 
in Table 1 were toxic to HEL cell proliferation at concen- 
trations as high as 50—200 uM. As a result, the selectivity 
index (ratio CCs9/ECs9) of the prototype compounds 
Cf1368, Cf1369 and Cf1676 is at least as high as 5000— 
20,000. 
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Table 1 
Ant-VZV activity of BCNAs containing an alkyl side-chain of the furanyl 
nng 


(CH5),CH; 
| | 
NZ 
ye 
H 
O 
OH 
Compound Total carbons ın ECso (uM) CCso (uM)* 
alkyl side-chain VZV VZV TK - 
OKA YS 07 YS-R 
Cf1382 6 (hexyl) 13 28 >50 >50 2200 
Cf1398 7 (hepty]) 0.12 0.33  »50 >50 >50 
Cf1368 8 (octyl) 0.008 002 >50 >50 >50 
Cf1676 9 (nonyl) 002 002 2200 2200 2200 
Cf1369 10 (decyl) 002 0008 >50 >50 >50 


C1717 11 (undecyl) 04 037 >50 >50 >200 


Cf1449 12 (dodecyl) 08 12 >50 >50 >200 
BVDU - 0005 0005 >50 >50 >400 
ACV " 19 21 >50 >50 »200 





* Data from Ref [25] 


22 BCNAs with terminal alkyl unsaturation 


A variety of BCNAs were synthesized containing a 
terminal alkyl unsaturation in the side-chain on the furanyl 
ring of the bicyclic base (Table 2). Although a significant 
antiviral activity was recorded for the w-alkenyl- and w- 
alkynyl-BCNA derivatives, there is clearly a decreased 
antiviral efficiency of the w-alkenyl-, and even more of the 
w@-alkynyl-BCNAs. Compared with the n-octyl-BCNA 
derivative (Cf1368), the w-octenyl-BCNAs lost ~ 10-fold 
antiviral activity, and the w-octynyl-BCNAs lost approxi- 
mately 300-fold anti- VZV activity relative to the correspond- 
ing parental n-octyl-BCNA (Table 2). As found for the 
simple n-alkyl-substituted BCNAs, the terminally unsatu- 
rated n-alkenyl- and n-alkynyl-BCNAs completely lost anti- 
viral activity against VZV TK ` strams (data not shown). 


2 3. BCNAs with a terminal halogen substitution in the n- 
alkyl side-chain 


When the terminal methyl group of the alkyl side-chain 
of the n-decyl-BCNA was replaced by a halogen, w-fluoro 
substitution virtually retained full antiviral efficacy, and the 
w-chloro-, o-bromo- and co-iodoalkyl-substituted BCNAs 


marginally lost antiviral efficacy (up to 2—4-fold) (Table 3). 
There was no significant difference for the anti-VZV activ- 
ities of the different w-halo-substituted alkyl-BCNAs. 


2.4. BCNAs with an n-alkylaryl side-chain 


In an attempt to restrict the conformational freedom of 
the alkyl side-chain of the prototype BCNAs Cf1368 and 
Cf1369, an aromatic ring system (phenyl) was introduced in 
the side-chain. In particular, a vanety of p-alkylphenyl- 
BCNAs have been synthesized and evaluated for anti- 
VZV activity. As is clear from the antiviral data depicted 
in Table 4, several members of the alkylaryl-BCNAs were 
exquisitely inhibitory against VZV replication In particular, 
the n-pentylphenyl- and n-hexylphenyl-BCNAs were anti- 
virally active at a concentration as low as 0.0001—0.0005 
uM, bemg endowed with a 10—50-fold higher antiviral 
potency than the original prototype alkyl-BCNAs Cf1368 
and Cf1369. Interestingly, longer and shorter alkyl groups at 
the para position on the phenyl group of the BCNAs led to 
lower antiviral activities (Table 4). In fact, shortening or 
lengthening the optimal pentylphenyl by only two to three 
carbons lead to a more than 100-fold lowering of the 
antiviral activity of the test compounds. The existence of 
an optimal cham length and the close dependence of the 
anti-VZV activity on the alkylaryl chain length have been 
also observed for the simple n-alkyl-substituted BCNAs. 
There appeared a strong correlation between the size 


Table 2 
Anti-VZV activity of BCNAs containing a terminal alkyl unsaturation ın the 
side-chain of the furanyl ring 


R 
I | 
NZ | 
om N 
HO 
O. 
OH 
Compound Side-cham R ECs (uM) (VZV)* CCso (uM)* 
OKA YS 
Cf1382 (CH24CH; — CH; 13 28 2200 
Cf1657 (CH24,CH-CH; 14 13 >200 
Cf1625 (CH34C 5 CH 25 33 »200 
Cf1368 (CH2)sCH2—CH; 0 008 002 >50 
Cf1658 (CH,)xCH=CH; 0.27 006 >200 
Cf1662 (CH 2)6C =CH 50 40 >200 





® Data from Ref [29] 
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Table 3 
Anti-VZV activity of BCNAs containing a terminal halogen subsatution in 
the alkyl side-chain of the furanyl ring 





(CH5)9R 
NZ | 
T N 
HO 
0. 
OH 

Compound R ECso (uM) (VZV)? CCso (uM) 

OKA YS 
Cf1656 F 0.022 0014 200 
Cf1770 cl 0.04 0.02 m0 
Cf1558 Br 0.03 0 03 250 
Cf1649 I 0 06 003 2200 
Cf1369 CH; 002 0.008 x50 





* Data from Ref. [30] 


(length) of the n-alkyl and n-alkylaryl moiety of the 3CNAs 
on the one hand, and their optimal antiviral activity on the 
other (Fig. 1). In fact, if the size of the phenyl grou in the 
alkylaryl-BCNAs is considered as equivalent to ~ + meth- 
ylene groups, the butylaryl-, pentylaryl- and hexylaryl- 
BCNAs and the octyl-, nonyl- and decyl-BCNAs represent 
members within each series of BCNAs with the highest 
antiviral potency (Tables 1 and 4; Fig. 1). It is striking, 
however, that the alkylaryl-BCNAs are invariably more 
potent than the n-alkyl-BCNAs. This may likely be related 
to the reduced conformational freedom of the alkylaryl side- 
chain relative to the long alkyl side-chain and, therefore, the 
alkylaryl-BCNAs may-more optimally fit to thei- target 
enzyme than the more flexible n-alkyl-BCNAs. The pentyl- 
phenyl-BCNA represents the most potent anti-VZ7 com- 
pound hitherto reported. Due to lack of measurable zellular 
toxicity at 200 uM, its antiviral selectivity (ratio o= CCs/ 
EC5o) amounts to ~ 1,000,000, and its anti-VZV po-ency is 
10—30-fold more pronounced than BVDU, and ~ 10,000- 
fold more pronounced than ACV. 


2.5. BCNAs with other heteroatoms in the bicyclic ring 


The parent furano nucleus in the BCNAs has alzo been 
changed to a pyrro or thieno ring system, and the antiviral 
activities of these analogues compared for a series of n- 
alkyl-substituted BCNAs (Table 5). Whereas substitution 
of the oxygen in the furano moiety by a nitrogen ge- 
nerally reduced the antiviral activity by 10—50-fcld, the 


Table 4 
Anti-VZV activity of BCNAs containing a p-alkyl-substituted phenyl group 
as the side-chain of the furany] ring 





R 
NZ 
Z: N 
H 
O 
OH 
Compound R ECso (uM) (VZV)* CC,o (uM 
OKA YS 
Cf1837 H 0.28 0.16 >200 
Cf1835 Methyl 0.06 0 06 >200 
Cf1836 Ethyl 0.09 0.07 123 
Cf1698 n-Propyl 001 0.008 188 
Cf1744 n-Butyl 0.002 0 0005 2200 
Cf1743 n-Pentyl 0.0003 0.0001 2200 
Cf1742 n-Hexyl 0.0005 0.0001 18 
Cfl712 n-Heptyl 0 005 0.003 18 
Cfi711 n-Octyl 004 0.03 2200 





® Data from Ref. [26]. 


replacement of the oxygen by a sulfur atom resulted in 
most cases in a further 5—10-fold increased anti-VZV 
activity. It 1s unclear whether the increased potency of 


01 


001 


VZV ECs (uM) 


0001 





0 0001 






9 11 
chain length R-1 
0 00001 





3 chaln length R-2 


Fig. 1 Correlation between the anti-VZV activity of the simple n-alkyl- (A) 
(alkyl chain length R-1) and alkylphenyl-BCNAs (e) (alkyl chain length 
R-2) and the carbon side-chain length of the molecules. Assuming that the 
phenyl group in the alkylaryl-BCNA series accounts for four-carbon chain 
lengths, the correlation of optimal anti-VZV activity between both series of 
compounds fits very well. 
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Table 5 
Anti-VZV activity of BCNAs containing different hetero atoms m the five- 
membered ring of the base 


R 
| | 
N~ | 
o^ N 
HO 
O 
OH 
Compound Nature Carbon ECs (IM) (VZV)* CC.o (uM)° 
of the X length m OKA YS 
hetero atom n-alkyl (R) 
side-chain 
Cf1382 O 6 1.3 28 2200 
Cf1368 o 8 0.008 0.02 >50 
Cf1369 O 10 0.02 0.008 >50 
Cfl449 o 12 0.8 12 200 
cro s 6 008 008 >200 
C2012 S 8 0.001 0.001 53 
Cf1603 S 10 0.03 0.06 54 
Cf2013 S 12 0.20 0.20 49 
Cf1395 NH 6 >50 >50 >50 
Cf1397 NH 8 0.15 048 >50 
CH681 NH 10 ~ 10° ~2 200 
Cf1450 NH 12 24 14 2200 


? Data from Refs. [25,31,32]. 

> An accurate ECso value could not be calculated due to incomplete 
inhibition of VZV replication at higher drug concentrations and lack of a 
consistent dose—response curve 


most thieno-BCNAs compared with the furano-BCNA is 
of benefit due to the higher cellular toxicity of the thieno- 
BCNAs. 


2.6. BCNAs with a different sugar moiety 


Since the arabinosyl derivative of BVDU (designated 
BVaraU or Sorivudine®) is at least as potent an antiherpetic 
agent as the deoxyriboside derivative [33], and since it has 
also been reported that BVriboU is endowed with antiher- 
petic activity [34], the sugar-modified arabinosyl and ribo- 
furanosyl derivatives of the prototype n-octyl-BCNA 
(Cf1368) were synthesized and evaluated for their antiviral 
(VZV) potencies (Table 6). In marked contrast with 
BVaraU, the arabinosyl-BCNA was 300-fold less potent 
as an anti-VZV agent than its 2/-deoxy derivative, and the 
BCNA riboside was 3000-fold less potent in its anti-VZV 
activity. The free n-octyl-bicyclic base was devoid of any 
measurable anti-VZV activity (as also observed for BVU, 
the free base of BVDU). 


3. Lipophilicity and water solubility of BCNAs 


There is a stringent requirement of a relatively long alkyl 
or alkylphenyl side-chain at C-6 of the bicyclic furano or 
thieno pyrimidine ring of the BCNAs to display optimal 
anti-VZV activity. This property results in a relatively high 
lipophilicity of the compounds (represented by their calcu- 
lated log P values (Ciog?) that range between 2.5 and 3.5). 
This striking observation has been noticed for the different 
series of BCNAs, including the n-alkylfurano (series 1), 
alkylphenylfurano (series 2), terminally unsaturated n-alkyl- 
furano (series 3), n-alkylthieno (series 4) and n-alkylpyrro 
(series 5) BCNAs (Fig. 2). The fact that a higher lip- 
ophilicity of BCNAs more or less corresponds with higher 
bulkiness of the side-chain, it is conceivable that an optimal 
CiogP value for optimal anti- VZV activity reflects an optimal 
lipophilic interaction in the active site of the enzymes, or an 
optimal size of the side-chain that must fit in a lipophilic 
pocket of the particular enzymes. In an attempt to enhance 
the water solubility of the lead BCNAs, replacement of one 
of the methylene units in the n-decyl-BCNA chain by an 
oxygen (resulting in glycol/ether derivatives of the n-decyl- 
BCNA) resulted in a dramatically decreased CiogP value of 
— 1.1 and a concomittantly decreased antiviral activity by 
100- to >1000-fold [35]. Also, the terminally unsaturated n- 
alkyl-BCNAs have a low (alkene) to dramatically lower 
(alkyne) Ciog?, and also a concomittant 50—500-fold lower 
antiviral activity [29]. However, in both glycol/ether and 
terminal unsaturated n-alkyl-BCNA series, the overall size 
of the side-chain is virtually constant. Therefore, these 
observations suggest that the overall lipophilicity, rather 
than the size of the side-chain, is a predominant property 


Table 6 
Anti-VZV activity of BCNAs as a free base, or with modifications m the 
sugar motety 


(CH,),CH; 
NZ | 
ma N 
sugar 
Compound Sugar configuration ECso (uM) (VZV)* CC5o (uM) 
OKA YS 
Cf1368 2'-deoxyribose 0.008 0024 >50 
Cf1400 ribose 23 21 50 
Cf1433 arabinose 3.6 33 220 
Cfl = 220 >20 >20 
Cf2200° _ >20 >20 >20 


* Data from Refs [27,28]. 
> Free base of Cf1368. 
* Free base of Cf1743. 
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log VZV ECs (uM) 


-1 0 1 2 3 4 5 6 
Clog P 


—*—Senes1 —k-Sengs2  -—-Senes3  —@—Senes4  —&-Seres5 


Fig 2 Correlation between calculated logP (Ci P) of BCNAs and their 
anti-VZV activity The data of five series of BCNAs are shown Series 1. n- 
alkyl-BCNAs (Table 1) Series 2: n-alkylphenyl-BCNAs (Table 4) Series 3: 
terminal unsaturated n-alkyl-BCNAs (Table 2) Series 4 thienopyrimidine 
BCNAs (Table 5) Series 5: pyrrolopyrimidine BCNAs (Table 5) 


that eventually determines the antiviral potency of the test 
compounds. It may be somewhat surprising that a presumed 
lipophilic pocket to accommodate the rather bulky side- 
chain on the bicyclic pyrimidine ring of the BCNAs must be 
able to optimally adapt in at least two different enzymes (the 
activating (phosphorylating) VZV TK and the eventual anti- 
viral target enzyme). 

Although the high lipophilicity of the BCNAs results m a 
low to very low water solubility («1 mg/l of the n-decyl- 
BCNA at room temperature), it is expected to lead to an 
efficient penetration of the BCNAs through cellular mem- 
branes and biological barriers such as the blood/brain barrier 
and the skin. This property may be advantageous for this 
novel class of anti-VZV compounds because uptake of the 
lipophilic BCNAs into cells and into biological compart- 
ments that may harvest the virus, may be facilitated by the 
higher lipophilicity of these drugs. 


4. Anabolic conversion of BCNAs to their 
phosphorylated derivatives 


Since the BCNAs listed in Tables 1—6 markedly lose 
antiviral activity against VZV strains that are deficient in the 
virus-encoded thymidine kinase, it can be anticipated that 
the compounds need to be activated (phosphorylated) by the 
viral TK. before they inhibit their antiviral targets. 

A variety of BCNAs, in particular the series of n- 
alkylphenyl-BCNAs, were evaluated for their inhibitory 


effect against 1 uM. [?H]dThd phosphorylation by VZV 
TK, HSV-1 TK, HSV-2 TK, TK-1 and TK-2 (Table 7). Only 
VZV TK-catalysed [^H]dThd phosphorylation was inhibited 
by the BCNAs, reflecting their affinity for VZV TK, likely a 
competitive inhibition of the enzyme reaction with the 
natural substrate. It also became obvious from these data 
that there was no close correlation between affinity for VZV 
TK and the eventual anti-VZV activity of the BCNAs. These 
observations make it clear that the SARs of the activating 
(phosphorylating) enzyme are different from those of the 
(antiviral) target enzyme. 

Cf1368 and Cf1369 were directly investigated as sub- 
strates for purified VZV TK, and also for purified HSV-1 
and HSV-2 TK [36]. Interestingly, only VZV TK measur- 
ably converted the compounds to their 5'-monophosphate 
derivatives. By contrast, BVDU was easily converted to its 
5'-monophosphate derivative by VZV TK, and also by 
HSV-1 TK, and HSV-2 TK (and mitochondnal TK) [6]. 
BVDU is not measurably phosphorylated by cytosolic TK- 


Table 7 

Inhibitory effect of n-alkylphenyl-BCNAs agamst [?H]dThd phosphoryla- 
tion by cytosolic TK-1, mitochondrial TK-2, HSV-1 TK, HSV-2 TK and 
VZV TK 


R 


N^ 
Px 
H 
O 

OH 
Compound R ICso (uM)* 

TK-1 TK-2 HSV-1 TK HSV-2 TK VZV TK 
Cf1837 H >500 >500 2500 037 
Cf1835 Methyl 2500 2500 2500 3.1 
Cf1836 Ethyl 2500 2500 >500 >500 13 
Cfl698 ^ Propyl >500 2500 — >500 »500 25 
Cf1744 Butyl 500 >500 >500 >500 4.7 
Cfl743 Penty] >500 >500 >500 >500 3.9 
Cf1742 Hexyl >500 >500 >500 >500 45 
CfH712 — Heptyl >500  >500 >500 3540 
Cfl711 Octyl >500 >500 >500 >5000 
Cf1368 >500 >500 >5000 >5000 37 
BVDU >1000 0.34 29 56 15 


? 50% Inhibitory concentration or compound concentration required to 
inhibit nucleoside kinase-catalysed phosphorylation of 1 pM [CH3-2H]dThd 
by 50% 
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(a) ee ee synthesis 
CERTE j}—_—__—<” TP 
DNA polymerase | 
BCNA-MP incorporation into 
vDNA/cDNA. 
NDP-K 
BCNA-DP 
VZV-TK HSV-1 TK 
dTMP-K 
BCNA-MP 
HSV-1 TK 
VZV-TK HSV-2 TK 
TK-1 
TK-2 
BCNA — free base 
TPase + 
Thy —— DibydroThy 
DPD 
(b) vDNA/cDNA synthesis 
BVDU-TP 
DNA polymerase 
BVDU-MP incorporation 
NDP-K other into vDNA/cDNA 
enzymes ? 
BVDU-DP 
HSV-1TK HSV-2 TK i 
VZV TK dTMP-K 
BVDU-MP i 
HSV-1 TK dUMP —¿—P dTMP 
HSV-2 TK TK- 1 TS 
VZV TK 
TK-2 
[__ByDU__}——> BVU 
TPase free base l 


Thy ——— DihyároThy 
DPD 


Fig 3. (a) Metabolic fate of BCNAs BCNA 1s converted to its 5’-mono- 
(BCNA-MP) and 5’-diphosphate (BCNA-DP) by TK encoded by VZV, but 
not by HSV-1 TK, HSV-2 T, mitochondrial TK-2 or cytosolic TK-1 
BCNA-DP is not a substrate for E coli or human erythrocyte nucleoside 
diphosphate kinase (NDP-K) It is not known whether other cellular 
enzymes may recognize BCNA-DP as a substrate to be converted to 
BCNA-TP BCNA ıs not measurably hydrolysed by E col; or human 
erythrocyte TPase to its free base [39] The free bicyclic base does not 
inhibit dthydropyrimidine dehydrogenase (DPD) [39] (b) Metabolic fate of 
BVDU. BVDU is converted to tts 5-monophosphate derivative by the TKs 
encoded by HSV-1, HSV-2 ahd VZV, and by mitochondrial TK-2, but not 
by cytosolic TK-1 BVDU-MP inhibits thymidylate synthase (TS) BVDU- 
MP is converted to tts 5’-diphosphate derivative by the TKs encoded by 
HSV-1 and VZV TK, but not by HSV-2 TK or cytosolic dTMP kinase 
(dTMP-K). BVDU-DP 1s converted by NDP kinase (NDP-K) to BVDU-TP. 
The latter metabolite 1s recognized by cellular and herpetic DNA 
polymerases, and incorporated into viral and cellular DNA BVDU is 
hydrolysed by thymidine phosphorylase (TPase) to its free base BVU, 
which m turn ıs a potent inhibitor of dihydropyrinudme dehydrogenase 
(DPD). 


1. Compared with BVDU, the BCNAs had a much higher 
Vinax but also a much higher Km, for VZV TK. The exact 
Vmax Values for the BCNAs could not be measured due to 
limited solubility of the compounds, in the millimolar con- 
centration range. 

We also evaluated the 5'-monophosphate derivatives of 
Cf1368 (Cf1928) and Cf1369 (Cf1602) as substrates for the 
dTMP kinase activity associated with VZV TK and HSV-1 
TK [36]. Again, both enzymes displayed a striking discrim- 
ination between BVDU-MP and the BCNA-MPs. Whereas 
BVDU-MP was efficiently converted by both enzymes to its 
5'-diphosphate derivative (BVDU-DP), only VZV TK, but 
not HSV-1 TK, was able to recognize the BCNA-MPs as 
efficient substrates for phosphorylation. Cellular dTMP 
kinase was also unable to recognise the BCNA-monophos- 
phates. Thus, it became clear that the BCNAs are selectively 
phosphorylated to their 5'-diphosphates by the two succes- 
sive enzyme activities of VZV TK (thymidine kinase and 
dTMP kinase), while they are not recognized by the TK/ 
dTMP kinase activity of HSV-1 or the cytosol under similar 
experimental conditions (Fig. 3a). In this respect, the 
BCNAs strikingly differ from BVDU (Fig. 3b) and our 
Observations provide an explanation for the unprecedented 
inhibitory specificity of the BCNAs for VZV. 

Interestingly, when human erythrocyte NDP kinase was 
added to a reaction mixture containing BVDU or.BCNAs 
and VZV TK, a considerable amount of BVDU-TP was 
formed, whereas no trace of BCNA-TP could be detected 
[36]. Although it cannot be excluded that the BCNA-DPs 
can be recognized by other NDP kinase isoenzymes or by 
other (less obvious) cellular enzymes, our observations may 
indicate that the mechanism of anti-VZV activity of the 
novel class of BCNAs may be entirely different from that of 
BVDU (being a competitive inhibitor of viral DNA poly- 
merase and incorporated into viral DNA upon conversion to 
the 5'-triphosphate derivative). This is being further studied 
in our laboratories. 


5. Catabolic conversion of BCNAs by cellular enzymes 


Nucleoside analogues may be prone to catabolic hydrol- 
ysis by several enzymes (i.e., purine nucleoside phosphor- 
ylase (PNPase), thymidine phosphorylase (TPase), uridine 
phosphorylase (UPase)). In particular, 2'-deoxyribonucleo- 
side analogues such as BVDU are good substrates for 
thymidine phosphorylase, which efficiently converts BVDU 
to its free (antivirally inactive) base BVU [37]. Crystals of 
E. coli TPase complexed with the natural substrate dThd 
[38] demonstrate that the hydrogen at the N(3) position of 
the pyrimidine ring forms a hydrogen bridge with amino 
acid Ser-186 of TPase, and the carbonyl group at position 4 
of the pyrimidine ring forms a close interaction with ammo 
acid Arg-171. Interestingly, the BCNAs have no free car- 
bonyl at the same position in the pyrimidine ring, but more 
importantly, due to the fused ring system, the bicyclic base 
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of the BCNAs has no hydrogen available on the original 
N(3) position of the pyrimidine ring. Therefore, 1t could be 
anticipated that TPase would not efficiently recognize the 
BCNAs as substrates for cleavage to the free base. Indeed, 
when the BCNAs were exposed to both E coli oz human 
TPase, no hydrolysis to the free base could be jetected 
under conditions where BVDU and dThd were markedly 
converted to their free bases BVU and Thy, respectively 
[39]. It follows that—in contrast to BVDU—the BCNAs do 
not act as substrates for the catabolic TPase and thus, should 
be rather stable in biological systems (i.e., plasma). Indeed, 
preliminary experiments in which Cf1368 was adm=istered 
both intravenously or perorally, no. indication of release of 
the free base was obtained, and a pronounced appearance of 
unaltered drug in plasma upon oral administration was 
found (unpublished data). 


6. Conclusions 


The novel class of BCNAs represents the mos: potent 
and selective anti-VZV compounds hitherto described. The 
selectivity ıs at least partially based on a specific ability of 
VZV TK to convert the compounds to their 5'-mono- and 5'- 
diphosphate derivatives. Although the BCNAs have a num- 
ber of interesting properties that make them prime candi- 
dates for further development to the clinic, their molecular 
mechanism of action remains to be resolved and is currently 
the subject of further investigations. 
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Abstract 


Among the acquired immunodeficiency syndrome (AIDS) drugs approved by the FDA for clinical use, two are modified cytosine analogs, 
Zalcitabine (ddC) and Lamivudine [(—)3TC] (—)3TC is the only analog contaming an unnatural L (—) nucleoside configuration. Similar to 
other dideoxy nucleosides, these analogs are metabolically activated to the triphosphate that is incorporated nto DNA by human 
immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) resulting in DNA chain termination and ultimately cessation of viral 
replication. The natural p (+) 3TC isomer also acts m a similar manner to inhibit HIV-1 RT. In cell culture, (—)3TC is less toxic than its p (+) 
isomer, (+)3TC, contaming the natural nucleoside configuration, and both are considerably less toxic than 2’,3'-dideoxycytidine (ddC) The 
mechanistic basis for the stereochemical selectivity and differential toxicity of the isomeric 2^,3'-dideoxy-3'-thiacytidine (3TC) and ddC 
compounds is not completely understood although a number of factors may clearly come into play. We have previously investigated the 
mechanistic basis for the differential stereoselective inhibition and toxicity of these three cytosine analogs by comparing the effects of 2/,3'- 
deoxycytidine-S’-triphosphate (ddCTP), p-D-(4)-2/3'-dideoxy-3'-thiacytidine-5'-triphosphate [(4)3TC-TP] and ®-L-(—)-2'3’-dideoxy-3’- 
thiacytidine-5’-triphosphate [(—)3TC-TP] on the HIV-1 RT as well as a recombinant form of the human mitochondrial DNA polymerase 
gamma (Pol y), the holoenzyme polymerase responsible for mitochondrial DNA replication. In this review, we discuss studies which may 
provide insight into the molecular mechanism for the stereochemical selectivity and differential toxicity. © 2002 Published by Elsevier 
Science B.V. 


Keywords HIV-1 RT; Cytosine analog, Mitochondrial DNA polymerase gamma; 3TC 











1. Introduction several therapeutic agents that interfere with HIV replica- 
tion, including the 5'-O-triphosphates of 3'-azido-3'-deoxy- 
thymidine (AZT), 2',3’-didehydro-2’,3’-dideoxythymidine 
(d4T), 2^,3'-dideoxycytidine (ddC) and the B-L-(— )-2/,3'- 
dideoxy-3'"-thiacytidine [3TC, (—)SddC]. Among all of the 
nucleoside inhibitors currently used clinically, 2/,3'-dide- 
oxy-3’-thiacytidine (3TC) is the only one with the unnatural 
L-configuration. Most interestingly, 3TC has been shown to 
be more potent and less toxic than the p-isomer [1—4]. The 


Virally encoded reverse transcriptase (RT) is required for 
replication of the human smmunodeficiency virus (HIV), an 
etiological agent for acquired immunodeficiency syndrome 
(AIDS). RT is considered to be the molecular target of 


Abbreviations AIDS, acquired immunodeficiency syndrome, AZT, 3'- 
azido-3'-deoxythymidine, d4T, 2’,3’-didehydro-2’,3’-deoxythymidme, ddC, 
2',3’-dideoxycytidine; ddI, 2',3'-dideoxyinosimne, Pol y, DNA polymerase 
gamma, dCMP, 2'-deoxycytidine-5'-monophosphate; ddCMP, 2’,3'-deoxy- 
cytidine-5'-monophosphate; dCTP, 2'-deoxycytidine-5'-triphosphate; 
ddCTP, 2',3'-deoxycyttdine-5-triphosphate, HIV-1, human 1mmunodefi- 
ciency virus type 1, RT, reverse transcriptase; (+)3TC-TP, B-D-(+)-2'3’- 
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mechanistic basis for the stereochemical selectivity and 
differential toxicity of the isomeric 3TC and ddC com- 
pounds is not completely understood although a number of 
factors may clearly come into play. The differences in 
potency and toxicity may be a combination of factors 
including uptake, transport, metabolic activation, incorpo- 
ration and degradation [1—3,5—9]. In addition, toxicity to 
the host may also be related to inhibition of human 
mitochondrial DNA polymerase gamma (Pol y) [8—10]. 
The mechanism of inhibition of HIV type 1 (HIV-1) RT 
and Pol y by dideoxy nucleoside analogs such as 3TC and 
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Ka (uM) ko Ka Selectivity” 
M's’) 

23.6 + 5.0 0080 

68.7 + 11.4 0.0051 157 

435+8.9 0 0008 100 

14.8+28 0 0013 62 
11x01 40 

0.041 + 0 007 16 2.5 

1.5 + 0.1 023 179 
92+09 0014 2857 


Table 1 

Comparison of incorporation efficiencies for modified dNTPs by HIV-1 RT or Pol y [15] 

Polymerase dCTP kpa (67 ') 
analogs 

HIV-1 RT dCTP 1.88 + 0.10 
ddCTP 0 35 + 0.02 
(4)3TC-TP 0 036 + 0 003 
(—)3TC-TP 0.019 + 0.001 

Pol y dCTP 4442 
ddCTP 0.66 + 0.02 
(+)3TC-TP 0.35 + 0.01 
(—)3TC-TP 0.125 + 0 005 


" Selectivity = (kpo Ka)natural substrate/(k,o/Kg)analog taken from Refs. [14,15] 


ddC [(—)SddC]' involves in vivo phosphorylation to the 
triphosphate [2',3’-dideoxy-3’-thiacytidine-5’-triphosphate 
(3TC-TP) and ddCTP] and subsequent incorporation into 
the DNA primer strand resulting in chain termination. Thus, 
in vitro studies have focused on evaluating the triphosphate 
form of the analogs primarily using a steady-state kinetic 
analysis to assess affinity and incorporation efficiency. These 
steady-state methods are important to provide an initial 
kinetic comparison; however, to obtain mechanistic and 
quantitative information, a more detailed transient kinetic 
analysis is required [11 —13]. Our efforts to delineate the 
molecular mechanisms of nucleoside analog inhibition of 
HIV-1 RT and Pol y are based upon a transient kinetic ap- 
proach using rapid chemical quench and stopped-flow fluo- 
rescence methodologies. The important advantage of this 
approach is the ability to observe directly events occurring at 
the active site including binding events, protem conforma- 
tional changes, and catalysis. The rate constants of individual 
steps can be measured directly and any enzyme intermediates 
including different conformational species that might be 
formed can be observed directly. Using transient kinetic 
methods, the rate of polymerization (Ajo), the dissociation 
constant for the ground state nucleotide binding (Ka) and 
incorporation efficiency or specificity constant (k,/Ka) for 
the natural substrate, 2’-deoxycytidine-5’-triphosphate 
(dCTP), as well as for 2/,3'-deoxycytidine-5'-triphosphate 
(ddCTP), B-p-(+)-2'3'-dideoxy-3’-thiacytidine-5’-triphos- 
phate [(+)3TC-TP] and B-L-(—)-2’3'-dideoxy-3'-thiacyti- 
dine-5'-triphosphate [(—)3TC-TP] was assessed for HIV-1 
RT and Pol y [14,15], using a synthetic 23/45-mer DNA/ 
DNA primer-template. 

Our goal in this analysis is to develop an understanding 
of the structure activity relationship (SAR) that allows a 
correlation between the structural and stereochemical fea- 
tures of nucleoside analog drugs with their kinetic and 
mechanistic behavior toward relevant HIV-1 RT and host 


! The abbreviation 3TC is most commonly used to refer to the un- 
natural L or (—) isomer, (—)SddC while the natural D or (+)SddC. While 
we have used the common nomenclature m the literature, the most ap- 
propriate chemical nomenclature for 3TC 1s (—)-c1s-1-[2-hydroxymethyl- 
1,3-oxathiolan-5-yl]cytostne. 


polymerase targets such as Pol y. An in-depth understand- 
ing of the mechanisms of inhibition of these enzymes may 
be important in overcoming problems associated with tox- 
icity. For example, if both the structural similarities and 
differences were understood, this might identify features 
important in selective interaction with HIV-1 RT over Pol y. 

HIV-1 RT and Pol y both have the ability to carry out 
DNA-dependent as well as RNA-dependent DNA synthesis. 
In contrast to HIV-1 RT that has no proofreading activity, 
and similar to many of the DNA polymerases, Pol y has 3'— 
5'exonuclease activity, which is believed to perform a 
proofreading function [16,17]. It is possible that the failure 
of 3'—5' exonuclease of Pol y to efficiently remove chain 
terminators may play a role in mitochondrial toxicity of 
nucleoside analogs. However, discrepancies exist in the 
literature concerning the efficiency of the exonuclease in 
removal of these analogs and correlation to drug toxicity. It 
has been proposed that efficient removal of 3' terminal 
(—)3TC-MP by the 3'—5' exonuclease activity of Pol y 
could be responsible for the low toxicity of (—)3TC [9]; 
however, similar rates of exonuclease removal were re- 
ported for the excision of 2’-deoxycytidine-5’-monophos- 
phate (dCMP), 2’,3’-deoxycytidine-5’-monophosphate 
(ddCMP) and (—)3TC-MP from the 3'-terminus of a DNA 
primer, even though there are significant differences in 
mitochondnal toxicity [9]. We have also investigated the 
exonuclease cleavage of Pol y by evaluating the excision of 
dCMP, ddCMP, (+)3TC-MP, (—)3TC-MP, and dTMP, from 
the 3'-terminus of the corresponding DNA 23- or 24-mer 
primer [15]. 


2. Results 
2.1. À comparison of dNTP incorporation efficiency 


A comparison of the £;,, Ka, and kpo/Kg values for each 
dCTP analog for HIV-1 RT and Pol y is shown in Table 1. A 
comparison of these analogs reveals that the natural sub- 
strate, (CTP, serves as the best substrate for HIV-1 RT and 
the human mitochondrial DNA y polymerase. In general, 
the incorporation efficiency (k,,/K4) for Pol y is much 
higher than HIV-1 RT and thus a more proficient polymer- 
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ase. The selectivity values in Table 1 indicate the ability of 
the polymerase to discriminate between the natural substrate 
and the substrate analog. It is interesting to note that while, 
in general, the Pol y has an overall higher level of discrim- 
ination, the exception is ddCTP. In this case, Pol y has a 
selectivity of 2.5 over dCTP while for HIV-1 RT, this value 
is 15.7. It is surprising that Pol y incorporates ddCTP with 
such a high level of efficiency. A second important dis- 
tinction between the two polymerases relates to the issue of 
stereochemistry and the selectivity for incorporating the 
natural analog versus the unnatural one with the L-(—) 
configuration. The HIV-1 RT incorporates the natural 
(+)3TC-TP analog with a selectivity of only 1.6 over 
(—)3TC-TP while Pol y is much more highly discriminating 
on the basis of stereochemistry with a value of 16. The 
affinity of (—)3TC-TP for the enzyme-DNA complex is 
sıx- to eight-fold weaker than that of the analog of (+)3TC- 
TP, containing the natural nucleoside configuration. Accord- 
ingly, Pol y incorporates the (—) isomer at least 16-fold less 
efficiently than the (+) isomer as defined by the specificity 
constants summarized in Table 2. This difference in incor- 
poration efficiency is in good agreement with cell culture 
studies with the nucleoside form of the compounds where 
the (+)3TC isomer has been reported to be 25- and 12-fold 
more toxic than the (—)3TC in terms of inhibition of cell 
growth and mitochondrial DNA synthesis, respectively [5]. 


2.2. Exonuclease activity 


An in-depth analysis of Pol y 3'—5'exonuclease re- 
moval of ddC, (+) and (—)3TC monophosphates (MP) 
from duplex DNA with highly purified Pol y reconsti- 
tuted holoenzyme complex was conducted [15]. Our 
analysis was carried out using DNA substrates that were 
3’ -terminated with ddCMP (D24-ddC), (+)3TC-MP 
[D24-(+)3TC] or (—)3TC-MP [D24-(+)3TC], along with 
the corresponding unmodified DNA 24-mers containing 
dCMP (D24-dC). A summary of the rates of exonuclease 
activity (kexo) for the holoenzyme complex of Pol y, 
using various D24-mer substrates is shown in Table 3. In 
spite of the slow excision rate, the exonuclease should 
still effectively remove the 3TC-chain terminators with a 
half-life of approximately 1 min. Although this will slow 


Table 2 
Understanding the molecular basis for differential toxicity of modified 
cytosine analogs [15] 








dNTP Relative Relative Relative 

Incorporation" exonuclease? toxicity? 
ddCTP 1140 «0001 2300 
(+)3TC-TP 16 12 12 
(— )3TC-TP I 1 I 





? Calculated from k /Ka for each nucleotide from Table 1. 

P Calculated from the observed exonuclease rate from Table 3. 

° From Ref. [5] in which the nucleoside form of the analogs are 
assessed. 


Table 3 
Comparing the removal of DNA chain terminated substrates by Pol y 
exonuclease activity [15] 


DNA substrates primer? Holoenzyme kexo (s ~ ') 





D24-dC 0.022 + 0 001 
D24-ddC «0.000015 

D24-(£3TC 0.012 + 0 001 
D24-(—)3TC 0010 + 0 001 


* All of the templates used m this study were a DNA 45-mer. 

> The minimum estimate of the rate of hydrolysis was calculated from 
the observation that less than 196 of the DNA was hydrolyzed after 12 h of 
incubation with the holoenzyme [15]. 


the rate of mitochondrial DNA replication, the low rate 
of 3TC incorporation will minimize the toxic effects. 

In contrast, little or no DNA cleavage was observed for 
D24-ddC, 12 h with the holoenzyme. The insusceptibility of 
the 3'-terminal ddCMP to base excision was also reported 
for a 3'—5' exonuclease with porcine liver DNA polymerase 
y [18]. Similar results have been reported in studies on yeast 
mitochondrial DNA polymerases, where the terminally 
incorporated ddTMP, AZTMP, and ddCMP were not 
removed by the 3'—5'exonuclease activity of Pol y [19]. 
This striking observation may explam why inhibition of 
mitochondrial DNA synthesis by ddC is so profound. 


3. Discussion 


Our studies have shown that (—)3TC-TP 1s less effi- 
ciently incorporated than (+)3TC-TP into DNA by Pol y 
and both are incorporated less efficiently than ddCTP. 
Moreover, the efficiency of incorporation by Pol y is 
directly correlated with toxicity of each nucleoside analog. 
These observations point to corporation by Pol y into 
mitochondrial DNA as a major site of toxicity of nucleoside 
analogs. The availability of reliable preparations of Pol y 
[20] now affords a rapid method to screen drugs for toxicity 
and opens the path toward further structure/function studies 
to aid 1n the design of less toxic analogs. 

The unnatural L-(—) configuration of (—)3TC seems to 
play an important role in preserving the anti-viral activity 
while decreasing the inhibitory effect on the host Pol y. This 
example suggests that other unnatural nucleoside analogs 
may show similar effectiveness combined with low toxicity. 

In contrast, the effects of inhibition on mitochondrial 
DNA synthesis in vivo and in vitro by ddC are profound 
[21,22]. The ICs value for ddC relative to the (+) and (—) 
isomers of 3TC, indicated that ddC is 180- and 2300-fold 
more toxic than the (+) and (—) isomers, respectively [3]. A 
number of factors may clearly come into play including 
uptake, transport, metabolic activation, degradation and 
removal from the system, but our studies have shown a 
lack of exonucleolytic removal of a 3' ddC that may sig- 
nificantly contribute to drug toxicity. Conversely, analogs 
that activate the exonuclease removal by Pol y may exhibit 
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even lower toxicity; and this may provide a new avenue for 
exploration of less toxic drugs. Clearly, additional studies 
are required to identify the structural features of nucleoside 
analogs that may be utilized to obtain selectivity for HIV-1 
RT over DNA Pol y. 


4. Conclusions and perspectives 


In summary, our studies have demonstrated that the 
(+)3TC-TP is a more potent inhibitor for human mitochon- 
drial DNA Pol y than the (—) isomer, through tighter 
binding and faster incorporation rate into a DNA duplex, 
leading to greater toxicity [15,23]. Using highly purified Pol 
y, there is no significant difference in the excision of the 
incorporated (+) and (—)3TC-MP by the 3—5 exonuclease 
activity of Pol y from the 3'-terminus of a DNA primer, 
indicating this step likely does not contribute to the low 
toxicity of (—)3TC. Additionally, our studies have shown 
that a terminally incorporated ddCMP is not efficiently 
removed by the 3’—5’ exonuclease activity of Pol y, suggest- 
ing this may play a role in the high level of inhibition of ddC 
on mitochondrial DNA synthesis observed in vitro and in 
vivo. The overall toxicity of a nucleoside analog towards 
replication will be a function of the frequency of incorpo- 
ration of the chain terminator and the kinetics of excision by 
the proofreading exonuclease, relative to the rate of DNA 
replication required to sustain growth. We can now quantify 
these parameters and begin to assess the structural/func- 
tional determinants that govern nucleotide selectivity for Pol 
y in each step. 

An in-depth understanding of the mechanism of inhibition 
of DNA polymerase y is important in defining the cytotox- 
icity of anti-HIV drugs towards mitochondrial replication. A 
knowledge of the mechanistic and structural similarities and 
differences between Pol y and HIV-1 RT may identify key 
features important for selective drug incorporation by the 
viral HIV-1 RT but not by Pol y and therefore facilitate the 
design of less toxic, viral-specific AIDS drugs. 
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Abstract 


Cellular DNA is not a uniform target for DNA-reactive drugs At the nucleotide level, drugs recognize and bind short motifs of a few base 
pairs. The location of drug adducts at the genomic level depends on how these short motifs are distributed in larger domains. This aspect, 
referred to as region specificity, may be critical for the biological outcome of drug action. Recent studies demonstrated that certain minor 
groove binding (MGB) drugs, such as bizelesin, produce region-specific lesions in cellular DNA. Bizelesin binds mainly T(A/T)4A sites, 
which are on average scarce, but occasionally cluster in distinct minisatellite regions (200—1000 bp of ~ 85—100% AT), herein referred to as 
AT islands. Bizelesin-targeted AT islands are likely to function as strong matrix attachment regions (MARs), domains that organize DNA 
loops on the nuclear matrix Distortion of MAR-like AT islands may be a basis for the observed inhibition of new replicon initiation and the 
extreme lethality of bizelesm adducts ( < 10 adducts/cell for cell growth inhibition). Hence, long AT-islands represent a novel class of critical 
targets for anticancer drugs. The AT island paradigm illustrates the potential of the concept of regional targeting as an essential component of 


the rational design of new sequence-specific DNA-reactive drugs © 2002 Elsevier Science B.V. All nghts reserved. 


Keywords Bizelesm; DNA damage, AT island, Mapping DNA binding site, Sequence specificity; Region specificity 





1. Introduction: The concept of region-specific DNA 
damage 


Recent developments of new anticancer therapeutic strat- 
egies emphasize specific cellular targets. Pointed interven- 
tions exploiting molecular differences between tumor and 
normal cells promise better treatment selectivity. Nonethe- 
less, killing tumor cells, rather than just re-regulating their 
growth, remams the ultimate clinical objective. Damage to 
cellular DNA by nonspecific drugs is a clinically proven, 
although definitely not ideal, “lethal” strategy. This review 
discusses alternative lethal strategies based on targeting 
distinct critical regions of cellular DNA with small mole- 
cule, sequence-specific agents. 


Abbreviations: bp, base pairs; CPI, cyclopropylpyrroloindole, MAR, 
matrix associated region 
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Cellular DNA is not a uniform target for DNA-reactive 
drugs. At the nucleotide level, drugs recognize and bind 
short motifs of a few base pairs (sequence specificity). The 
location of drug adducts at the genomic level depends on 
how these short motifs are distributed in larger domains 
(region specificity). Region-specific targeting signifies not 
only the ability to damage a desired critical target that may 
have distinct structural and/or functional properties, but 
also implies limited collateral damage elsewhere in the 
genome. DNA lesions in critical domains of cellular DNA 
are likely to have grave biological consequences. In con- 
trast, damage to nonessential targets may contribute little to 
killing cancer cells, yet result in adverse effects in normal 
cells [1,2]. DNA-reactive drugs currently in the clinic, 
which bind to cellular DNA indiscriminately, cannot be 
region-specific [1]. Moreover, the profound majority of 
adducts formed by such drugs are with macromolecules 
other than DNA [1,3]. Increased treatment selectivity could 
be anticipated for the treatment strategies that: (1) eliminate, 
or at least limit, nonessential collateral damage and (ii) 
result in drug-induced damage localized to critical regions 
of the genome. 
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2. The potential of sequence-specific small molecules for 
region-specific DNA damage 


Progress in the rational design of sequence-specific 
molecules [4—8], in particular the elucidation of base-pair- 
ing rules for pyrrole—imidazole polyamides [4,9—11], has 
allowed for the recognition of relatively long discrete motifs 
of several base pairs. In principle, agents of this level of 
sequence specificity should enable region-specific targeting 
of individual genes (“anti-gene” strategy), which necessi- 
tates the recognition of a single site in the genome. Thus far, 
“anti-gene” strategies have been pursued with triple-helix- 
forming oligonucleotides (TFO) or oligonucleotide-mimick- 
ing compounds [12—14]. These efforts, although intensive, 
were mainly limited to model systems and have not yet 
resulted in agents capable of in vivo activity in tumor- 
bearing animals. 

Sequence-specific agents that do exhibit promising in vivo 
antitumor activities are found among minor groove binding 
(MGB) drugs. Studies by us and other researchers demon- 
strated that AT-specific anticancer drugs, such as tallimustine, 
the cyclopropylpyrroloindole (CPT) family (such as adozele- 
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sin and bizelesin, Fig. 1), and strand scission enediyne agents 
exhibit a remarkable sequence specificity with intracellular 
DNA [15—23]. Several of these AT-specific MGBs are in 
clinical trials [24—30]. 

The importance of determining which specific domains 
are damaged by DNA-reactive drugs has been recognized 
[31-33]. However, our investigations were the first that 
established a systematic approach that allows us to assess 
the potential of sequence-specific agents for localized da- 
mage in longer stretches of DNA (i.e., region specificity). 
Our approach combines molecular pharmacology and 
bioinformatics tools and comprises the following ele- 
ments: (i) experimental determination of drug sequence 
specificity (binding motifs), (ii) in silico analysis of 
binding motif distribution at the genomic level to identify 
which genomic regions may be particularly vulnerable to 
a specific drug, and, (iii) the experimental verification of 
such predictions by mapping drug sites and quantitating 
drug-induced lesions in selected specific regions. Consis- 
tent results with drugs of divergent sequence specificities 
strongly suggest the utility of this approach [19,21,34— 
38]. i 


5-T -A/T-A/T-A/T-A/T-A*-3' 
set Retake Ere RUM EDT, 
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Fig. 1. AT-specific drugs of the CPI family (bizelesin, adozelesin and U78779), and tallimustine and their preferred binding motifs [18,19,21,35]. U78779 
prefers mixed AT—GC motifs (top motif is an example), although the drug binds also pure AT motifs (bottom). Asterisks indicate covalently adducted 


bases. 
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2.1. Region-specific damage to AT islands by bizeFesin: a 
proof of principle 


Our studies demonstrated for the first time that secuence- 
specific small molecules can produce a nonrandom, -egion- 
specific damage to genomic DNA. Importantly, these find- 
ings have been made with bizelesin, a CPI druz with 
demonstrated antitumor activity in vivo [39] and indizations 


A T(A/T),A 
100 


HITS/0.25 kbp 
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0 20 40 


of antitumor efficacy in patients in Phase I trials (Ref. [28] 
and Dr. E. Rowinsky, personal communication). 

Bizelesin binds mainly to T(A/T)4A sites in cellular DNA, 
forming interstrand crosslinks (Fig. 1), although some mono- 
adducts are also possible [18]. Long-range in silico analysis 
shows that at the genomic level, the bizelesin binding motif 
T(A/T),A is found on average 2.8 times/250 bp. However, 
approximately every 10^ bp, a hot spot is found with high 
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Fig. 2. (A) Bizelesin binding sites in genomic DNA are infrequent bet clustered in long AT islands. Examples of in silico analysis of the distribution of bizelesin 
binding motif. The histograms depict the number of exact matches s> the bizelesin motif in bins of 250 bp along the indicated GenBank sequences. (B) TATA 
boxes, transcription factor (TF) binding sites and other short AT tracts are insignificant as bizelesin targets. Top: The distribution of bizelesin binding sites and 
the consensus motifs for bizelesin-compatible AT elements around za AT island (in GenBank Z80771). Bottom: The density of bizelesin binding motif in long 
AT islands markedly exceeds genome average. TATA boxes and bizelesin-compatible TF binding sites are even less frequent than this low average. (Note the 
expanded scale for TATA boxes and TF. Adapted with permission from Ref. [38]). 
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clusters of potential binding sites (up to 99 sites/250 bp, Fig. 
2A). These clusters of bizelesin motifs are in 200—1000 bp 
long islands of highly (up to 100%) AT-rich DNA. Notably, 
compared to these long AT islands, various short AT-tracts are 
unlikely to be significant as a target for bizelesin (Fig. 2B). 

Actual bizelesin lesions show an excellent agreement 
with the in silico predictions based on the distribution of 
bizelesin binding motifs T(A/T)4A [21,38]. Fig. 3 illustrates 
the sites of predicted and actual drug lesions in the naked 
DNA of a model AT island. Bizelesin was ~ 100-fold more 
reactive with this AT island than with a model non-AT island 
DNA [21,38]. Consistent with the in silico predictions, the 
same preference for long AT islands is maintained in drug- 
treated cells. The examples of data illustrate a large differ- 
ential in lesions in AT islands and lesions in non-AT islands 
and in bulk DNA, in particular for the lowest drug concen- 
trations (Fig. 4A). The predictive power of the in silico 
analysis is underscored by an excellent correlation between 
the actual lesions and the densities of drug binding motifs 
(Fig. 4B). Bizelesin is the first anticancer drug for which 
such a differential, region-specific damage has been docu- 
mented. These results provide a proof of principle that 
targeting distinct noncoding regions is feasible. 


2.2. Is region-specific damage to AT islands a common 
property of other AT-specific drugs? 


Our studies with other drugs, where computational pre- 
dictions were also fully corroborated by experimental deter- 
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minations of drug adducts, allow us to propose the general 
requirements for a region-specific DNA damage. High 
motif specificity, such as that of bizelesin, is essential 
for a significant preference for AT islands [21]. U78779, 
an analog that binds at (A/T),A, is also highly preferential 
for long AT islands, despite the fact that it prefers mixed 
A/T-G/C sequences [35,41]. The less sequence-specific 
adozelesin, which recognizes N(A/T);A and NN(A/T A 
sites [21], retains some preference for AT-rich islands (Fig. 
5). However, in contrast to bizelesin, adozelesin binding 
to AT tracts outside of the long AT islands is substantial, 
and adozelesin cannot be regarded as a region-specific 
agent. 

Sequence specificity alone is insufficient for region 
specificity. Tallimustine has a strong preference for 5'- 
TTTTGPu-3' [19]. Consistent with this stringent sequence, 
the tallimustine motif is approximately 10 and 100 times 
less frequent than motifs for bizelesin and adozelesin, 
respectively (Fig. 5) [19]. However, the infrequent talli- 
mustine sites are distributed nearly randomly throughout 
the genome, which explains the experimentally determined 
lack of region specificity [19]. Drugs like tallimustine, 
which are devoid of any regional specificities, do not offer 
any significant advantages over typical non-sequence-spe- 
cific DNA-reactive agents. As shown for cisplatin, the 
latter, nondiscriminating drugs cannot be region-specific 
due to their low specificity of DNA recognition and the 
ubiquitous distribution of the potential binding sites 
(mainly GG clusters). Still, even these marginal specific- 
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Fig. 3. Predicted (midd.e panel) and actual bizelesin-induced lesions in the naked DNA of a model AT island. The triangles in the middle panel indicate the 
positions of the G/C peirs that flank the 100% AT core of this AT island, while each vertical spike corresponds to an exact match of the sequence to drug 
binding motif. Experimental panels (top and bottom) show drug sites monitored as sub-bands with singly end-labeled DNA after the conversion of adducts to 


strand breaks (adapted with permission from Ref. [38]. 
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Fig. 4. Bizelesin preferentially damages MAR-like AT islands versus non- 
AT island regions in leukemic CEM cells (adapted with permission from 
Refs. [21,38] with additional unpublished data). (A) Examples of region- 
specific lesions monitored by quantitative polymerase chain reaction stop 
assay in DNA from drug-treated CEM cells in AT islands (ApoB MAR, 
Wm: Fral 6D, @) in comparison to lesions a non-AT island (in p-globin, +) 
and in bulk DNA (D). (B) Correlation between the density of the pre- 
dicted bizelesin binding sites and actual levels of region-specific adducts. 


ities translate into more platinum adducts formed in GC- 
rich regions that contain large number of drug binding 
motifs, [37]. The ability to correctly predict such rather 
subtle effects points to the general utility of the in silico 
approach for drugs from both high- and low-ends of 
sequence specificities. 


3. Long AT islands as critical regions 


Targeting of AT islands is more lethal by several orders of 
magnitude than non-region-specific damage to DNA [18,19, 
21,36,40,41]. Region-specific bizelesin and U78779, which 
also targets AT islands, need to form very few lesions ( « 10 
DNA adducts/cell) to block cell growth (Table 1). Adducts 
by AT-specific, but non-region-specific, tallimustine are 
markedly less lethal ( — 200 adducts/cell). In striking con- 
trast to AT-specific drugs, non-sequence-specific classical 
drugs need to form several thousands of DNA lesions/cell to 
inhibit cell growth. It is clear that damage to AT islands by 
CPI drugs impedes functions that are crucial for the growth 
of cancer cells. 


3.1. Matrix associated regions (MARs) and AT islands 


Although specific functions of the individual AT-islands 
identified, as bizelesin targets remain mostly undefined, 
several lines of evidence suggest that these domains can 
function as MARs. MAR domains are specialized loci that 
anchor cellular DNA to the nuclear matrix, a proteinaceous 
scaffolding that organizes chromatin fibers into looped 
domains participating in the spatial organization of chromo- 
some territories [42—45] and is the site of DNA replication 
and transcription [42,44—48]. A high MAR potential is a 
consistent attribute of AT island domains. In addition, 
evidence of actual MAR function is available for several 
loci [38]. The MAR attributes positively and significantly 
correlate with the number of bizelesin binding sites and 
actual levels of lesions in these AT islands [38]. 


3.2. Inhibition of DNA replication and damage to MAR-like 
AT islands 


Bizelesin-induced damage to MAR-like AT islands may 
explain the observed specific inhibition of new replicon 
initiation [40,49]. Intriguingly, only one to two bizelesin 
adducts per ~ 10° bp (i.e., per several typical replicons) are 
needed for a genome-wide inhibition of replicon initiation 
[40]. Thus, bizelesin adducts seem to exert inhibitory effects 
on cellular DNA replication at a substantial distance from 
their actual location. By contrast, in a cell-free system, only 
modest inhibition, consistent with a local blockade to chain 
elongation, is observed [40]. 

This differential pattern of anti-replicative properties 
could be explained by the functional association of cellular 
replication, but not cell-free replication, with the nuclear 
matrix [42,50]. In the cell, strong MAR domains form the 
boundaries of replication factories. An unperturbed MAR 
structure seems essential for the near simultaneous firing of 
each replicon clustered in a given replication factory 
[50,51]. The blocked initiation of several replicons by a 
single bizelesin adduct spaced every 10° bp is consistent 
with (i) an average size of a replication factory ( ~ 10° bp) 
[50], (ii) the occurrence of strong MAR domains ( — 1/10° 
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Fig. 5. Examples of the distribution of drug binding motifs at the genomic level (in silico analysis) for adozelesin, tallimustine and cisplatin. The histograms 
depict the number of exact matches to the bizelesin motif in bins of 250 bp along the indicated GenBank sequences. Average hits/250 bp in the genome are also 
given for each drug. The examples shown are for GenBank sequences Z79699 L78833 (data for tallimustine and cisplatin were adapted with permission from 
Ref. [19]}. The arrow points to one of the long AT island, that is among bizelesin targets (c.f. Fig. 3). 


bp)[50—54], and (iii) the occurrence of bizelesin hot spot 
AT-islands (also ~ 1/105 bp) [38]. Further investigations 
are needed to test the possibility that lesions in MAR-like 
AT islands distort the integrity of replication factories. 


3.3. Genetic instability of AT islands and drug targeting 


Bizelesin-targeted MAR-like AT islands are. minisatel- 
lites [38], which are, in general, known to be genetically 
unstable elements. Polymerase slippage on repetitive 
sequences and/or amplification may expand such domains 
by many kbp [55—57]. Well-known elements of genomic 
instability, the AT-rich fragile sites Fral6B and Fral6D, are 
among bizelesin targeted AT islands [38], and their vulner- 
ability has been verified by recent experimental determina- 
tions (c.f., Fig. 4, [76] and Woynarowski et al., unpublished 
. data). Importantly, repeat expansion of such inherently 
unstable domains and associated downstream rearrange- 
ments are thought to contribute to tumorigenic phenotype. 


AT-rich sites of genomic instability have been particularly 
implicated in leukemias and lymphomas [55,58—62], 
including acute lymphoblastic leukemia (ALL), the most 
frequent pediatric malignancy [63—66]. The inherent insta- 
bility of AT islands may thus give rise to fundamental 
differences among various cancer and normal lines. 

Our recent data prompted us to investigate the possibility 
that such differences in the abundance and/or function of AT 
islands might be associated with differential responses to 
AT-island targeting drugs. Whereas bizelesin is generally 
cytotoxic in picomolar concentrations, some tumor cell lines 
appear to be significantly (P<0.05) hypersensitive than 
some other tumor and normal cell lines examined ([76] 
and Woynarowski et al, unpublished data). For human 
leukemia CEM and normal WI-38 cells, we additionally 
demonstrated that the differential sensitivity to bizelesin is 
not due to any differences in drug reactivity with cellular 
DNA, or lesion repair ([76] and Woynarowski et al., 
unpublished data). Our recent data show also that Fral6B 








Table 1 

Cytotoxicity and lethality of DNA lesions induced in CEM cells by drugs of varying degree of sequence and region specificity 

Drug Type Cytotoxicity’, Lesions/ Estimated lesions/ References 
Glso [M] kbp/uM cell at GI? 

Bizelesin AT-specific and region-specific (AT islands) 0.6 x 10~ ? 0.88 2 [21,41] 

U78779 AT-specific and region-specific (AT islands) 33x10- ? 0.22 2 [3435,41] 

Tallimustine AT-specific, non-region-specific 3.5x 107? 0.022 220 [41] 

Cisplatin G/C preferring, non-region-specific 1.5x10-$ 0.032 14,000 [75] 








* Drug concentration inhibiting net cell growth by 50% determined by the MTT assay. 
> Estimated by linear extrapolation of lesion frequencies/kbp/1M to the GIso concentration assuming 2.9 x 10? bp/cell (rounded values). 
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AT islands are more abundant in hypersensitive I:ukemic 
CEM cells, but not in non-hypersensitive normal W_-38 and 
several other cell lines. We speculate that exoansion 
(increased abundance) of AT islands, such as these fragile 
sites, may sensitize certain tumors to bizelesin-type drugs by 
increasing the number of potential drug binding sites. Alter- 
natively, while all the identified bizelesin-targeted AT islands 
are capable of MAR function, the actual associatior of such 
domains with the nuclear matrix may differ among various 
cell types [42,67]. For instance, the Fra16B and canrc MAR 
domains co-localize mainly with matrix DNA in bzelesin- 
sensitive cancer CEM cells but not in normal WI-38 cells 
([76] and Woynarowski et al., unpublished datas. Loop 
localization of the c-myc was also found with other normal 
cells [68]. It seems plausible that damage to a given AT island 
may be more critical for those cell types, in which such 
sequences are associated with the nuclear matrix and unction 
as MARS. Studies are underway to verify these poss bilities. 


4. Relevance of AT island targeting to antcancer 
therapies and perspectives for region-specific targeting 
of other repetitive sequences 


There are several reasons why targeting AT islards may 
offer potential therapeutic benefits over non-region-specific 
classical DNA-reactive drugs used in the clinic First, 
certain abnormal AT islands, such as expanded frag-le sites 
Fral6B and Fral6D, are thought to contribute to tumori- 
genic phenotypes. Although this aspect still requires sub- 
stantial investigation, AT-island targeting mar offer 
increased selectivity for such tumors. Second, rapid cell 
proliferation is a hallmark of many tumors, especialy these 
of pediatric origin. Rapidly replicating cells shculd be 
preferentially eliminated by highly localized les ons in 
replication-related regions, such as MAR-like AT slands. 
In contrast, typical DNA-reactive drugs extensively damage 
regions that are also crucial for functioning of nonrplicat- 
ing cells. Finally, treatment with classical DNA-reactive 
drugs results in thousands (10*—10°) of low-lethacity but 
mutagenic DNA lesions/cell in normal tissues [1]. Conse- 
quently, secondary, drug-induced tumors are a common and 
dramatic problem, pertinent in particular to children who 
typically live for many years after the eradication ef their 
primary cancers [69]. In contrast to classical drugs, lesions 
in AT islands are extremely lethal [19,21] (see above). 
Lethal lesions, by definition, cannot lead to mu:ations. 
Hence, therapies based on AT island targeting shculd be 
associated with a reduced risk of secondary tumors. 

Beyond the AT island paradigm, targeting oí other 
repetitive and potentially critical domains may also offer 
significant benefits. One prominent example of a critical 
and highly abundant target is telomeric DNA with its 
(TTAGGG), repeats. Telomeric sequences, both terminal 
and interstitial, may have a role in chromosomal abemations 
and can be amplified in cancer cells in proportion to the 


invasive and metastatic potential [70,71]. Maintaining telo- 
mere length, usually by the specialized enzyme telomerase, 
gives a growth advantage to cancer cells by extending their 
life span [72—74]. Conversely, damage to telomeres should 
be detrimental to cancerous growth [72—74]. The modular 
structure of the telomeric repeats consisting of discrete A/T 
and G/C blocks should facilitate the design of small-mole- 
cule region-specific drugs with sufficiently high preferences 
for these motifs. 


5. Conclusions: Significance of region specificity for 
rational drug design and targeting 


Targeting specific domains in the genome should limit 
various adverse effects of current anticancer therapies, 
which use non-region-specific DNA-reactive drugs. In par- 
ticular, further exploration of distinct repetitive sequences in 
noncoding regions as potentially critical targets should 
generate leads for better, more selective drugs. In contrast 
to targeting unique sites in specific genes, domains of re- 
petitive sequences with clusters of drug binding sites con- 
stitute highly abundant targets that can be selectively 
targeted with agents of less than ideal specificity. Bizelesin 
is the first example of a drug that not only is region-specific 
in tumor cells but also exhibits antitumor activity in vivo 
and promising clinical properties. Region-specific damage 
to MAR-like AT islands by bizelesin provides a proof of 
principle that targeting repetitive sequences crucial for the 
survival of cancer cells is feasible. 

The significance of sequence specificity at the nucleotide 
level is generally recognized, even if a given drug is not 
explicitly designed to target specific domains. The estab- 
lished prerequisites of drug regional preferences [19,21,37] 
point to the definite need for appreciable drug binding 
specificity. Equally important, however, is genomic compo- 
sition. Tallimustine is not region-specific because its highly 
specific motif is distributed nearly randomly and infre- 
quently throughout the genome. Bizelesin is region-specific 
because its binding motifs are nonrandomly distributed, 
with clusters in repetitive sequences of AT islands and 
infrequent sites elsewhere. 

In contrast to drug sequence specificity, drug regional 
preferences at the genomic level are usually not addressed or 
are taken for granted. The reviewed studies emphasize that 
lesions distribution may critically depend on the genome 
itself, and how misleading it could be to rely on the 
seemingly intuitive opinions, such as “, . the more sequence 
specificity the better..." or that “...AT-specific drugs 
equally target various AT elements". In contrast to such 
misleading or downright incorrect subjective judgments, the 
developed bioinformatics tools demonstrate the ability to 
accurately predict and verify which genomic elements are 
likely and which are unlikely to be targeted by specific 
drugs. This rigorous and objective analysis is generally 
applicable to any kind of DNA targeting. In a not too 
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distant future, it should be possible to analyze the entire 
human genome in that way. Bioinformatics tools, such as 
those used in our studies, can accelerate the development of 
new region-specific molecules against various targets. The 
rapid optimization of drug binding motif by in silico 
analysis should limit the number of compounds that need 
to be synthesized, and eliminate many prototypes that would 
unlikely have any regional preferences. We feel that once 
the concept of regional targeting is systematically devel- 
oped, it should become an essential component of the 
rational design of new sequence-specific drugs. 
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Abstract 


Elimination of cancer cells by early apoptosis is preferred over other forms of cell growth mhibition. Apoptosis directly leads to tumor 
regression and reduces risks of selecting more aggressive and/or drug-resistant phenotypes that are often responsible for tumor regrowth and 
treatment failure. Although DNA damage by anticancer drugs 1s commonly recognized as an apoptotic stimulus, there 1s enormous variability 
in the magnitude and timing of such effects. Especially potent and rapid apoptosis seems to be a hallmark of various alkylating anticancer 
drugs that are regarded as DNA-reactive agents but are observed to react mainly with cellular proteins. Our studies with such dual-action 
drugs (irofulven, oxaliplatin) suggest that not only DNA damage, but also protem damage, contributes to apoptosis induction. DNA damage 
is well known to 1nitiate death-signalmg pathways leading to mitochondrial dysfunction Protein damage, in turn, can distort cell redox 
homeostasis, which facilitates apoptosis execution. Such dual effects can be particularly lethal to tumor cells, which tend to function under 
pro-oxidative conditions. In contrast to tumor cells that are highly susceptible, normal cells show marginal apoptotic responses to the dual 
action drugs This protection of normal cells might reflect their greater ability to buffer pro-oxidative changes and quickly restore redox 
homeostasis, despite substantial drug uptake and macromolecular binding Importantly, by targeting the death process at multiple points, 
DNA- and protein-damaging drugs can be less vulnerable to various bypass mechanisms possible with single targets The reviewed studies 
provide a proof of concept that differential apoptosis targeting 1n cancer versus normal cells can be a basis for tumor selectivity of anticancer 


drugs. € 2002 Elsevier Science B V All nghts reserved. 
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1. Introduction: the need for apoptosis in anticancer 
strategies 


Whereas the ultimate goal of all anticancer strategies is 
to eradicate tumor cells, early apoptosis is by far the phar- 
macologically preferred form of cell growth imhibition. A 
rapid death of cancer cells is not only needed to achieve 
tumor regression but also to reduce risks of selecting 
more aggressive and/or drug-resistant phenotypes that are 
often responsible for tumor regrowth and treatment failure 
(Fig. 1). Slowly growing but viable tumor cells, recovering 


Abbreviations ASK 1, apoptosis signaling kinase 1, Ay, mitochondrial 
membrane potential, HMAF, hydroxymethylacylfulvene, irofulven, NF-KB, 
nuclear factor «B, AP-], activator protem 1, Glu-SH, glutathione, TRX, 
thioredoxin; ICgo, drug concentration inhibiting cell growth by 80%, ROS, 
reactive oxygen species 
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from non-apoptotic damage, were proposed to be an 
overlooked factor ın the therapeutic failure of various 
cancer treatments [1]. Unless such cells are physically 
eliminated, there is a remaining danger of clonal! selection 
and tumor recurrence. Ínitiation of apoptosis irrevocably 
eliminates this threat since apoptotic cells cannot be 
clonogenic. 

Conversely, dysregulation of normal apoptosis pathways 
extends the cell life span and can contribute to tumor 
expansion, even if the cell division rate remains normal 
[2]. Hence, targeting apoptosis is particularly relevant to 
those forms of cancer that have a significantly reduced rate 
of cell death and are relatively slowly proliferating tumors. 
For stance, slowly dividing prostate cancer cells are very 
difficult to eradicate with current anticancer drugs, which 
target rapidly proliferating cells [3]. Being a physiological 
process, apoptosis is associated with fewer side effects 
than non-apoptotic modes of cell death. Various antican- 
cer drugs induce apoptosis but there is enormous varia- 
bility in the magnitude and timing of such effects. Recent 
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Fig. 1. The significance of apoptosis for antitumor drugs The elimination of affected cells by early, ideally premitotic apoptosis is the most desirable scenario. 
Postmitotic apoptosis can eliminate additional cancer cells However, each mitotic attempt poses a risk that genetic rearrangements may lead to the selection of 
cells with a more aggressive and/or resistant phenotype Viable cells that are not eliminated may not form scorable colonies under typical assay conditions but 


may resume growth and lead to tumor recurrence 


years have brought an increased understanding of the 
complexity of cellular responses to drug interactions with 
a variety of cellular targets that ultimately result in cell 
death [4,5]. This review discusses the potential for selec- 
tive targeting of apoptosis in cancer cells focusing on 
novel anticancer drugs that react with cellular DNA and 
proteins. 


2. Central role of redox imbalance in apoptosis 


Whereas various insults can initiate apoptosis (for a 
recent review, see Ref. [6]), a consistent picture that emerges 
from studies in various laboratories points to the pivotal role 
of redox homeostasis in apoptotic process. Oxidative stress 
and reactive oxygen species can be either the initiating 
stimulus or mediator of apoptosis [7,8]. Factors that regulate 
the levels and responses to oxidative stress [9—11] are 
believed to play a decisive role in determining the “point 
of no return" in cell death [12—14]. In that context, the 
mitochondria are now well established as critical for pro- 
cessing and integrating pro-apoptotic signals. Diverse apop- 
totic stimuli can cause mitochondrial dysfunction leading to 
pro-oxidative changes in redox homeostasis. Pro-oxidants 
per se cause the efflux of mitochondrial components, further 
increasing the oxidative stress [8,10,15,16]. 


The cross-talk between cellular signaling and the redox 
status of the cell is presently believed to dictate, more than 
any other factors, whether or not a cell will undergo 
apoptosis [10,11,13]. A balance of pro- and anti-apoptotic 
factors allows cells to survive despite various insults for 
prolonged times. However, apoptosis seems to proceed like 
a chain reaction and relatively small perturbations in the 
equilibrium may either rapidly amplify or successfully 
attenuate the process. The amplification or attenuation of 
pro-apoptotic responses is tightly coupled to the thiol redox 
status of the cell, with a critical role of protein sulfhydryls 
[10,17,18]. 

Whereas glutathione system provides redox buffering at 
the level of small molecule sulfhydryls, the thioredoxin 
(TRX) family of multifunction disulfide reductases is the 
key system responsible for maintaining the reduced form of 
protein sulfhydryls [17,19—21]. TRX participates directly in 
cellular death signaling pathways by inhibiting apoptosis 
signal-regulating kinase 1 (ASK 1) and the subsequent ASK 
I-dependent apoptosis (18]. TRX also mediates the effects 
of redox-sensing transcription factors, which allow the cell 
to reprogram its gene expression in response to pro-oxida- 
tive insults [11,21,22]. The rapidly mducible increase in 
TRX expression can prevent apoptosis [9,16], consistent 
with the reports implicating TRX in the resistance of cancer 
cells to drug-induced apoptosis [23—26]. 
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3. Is drug-induced DNA damage sufficient for apoptosis 
induction? 


3.1. DNA damage as apoptotic stimulus 


Lesions in DNA are generally considered as the primary 
apoptotic stimulus for DNA-damaging agents. DNA dam- 
age elicits complex responses which are mediated by 
various intracellular and extracellular factors such as p53, 
abl, c-myc, Rb, E2F, growth factors, and which often 
involve multiple and redundant pathways [27,28]. If these 
responses are not extinguished by anti-apoptotic signals 
(such as Bcl-2), Bax and related death proteins decrease 
mitochondrial membrane potential (A) [29—31], which, in 
turn, leads to cytochrome c release and oxidative stress 
[16,32—36], followed by the activation of cysteine proteases 
of the caspase family and subsequent apoptotic DNA 
fragmentation [37]. This general route has been implicated 
in the action of various DNA-damaging agents [5,38—40] 
(Fig. 2). Beyond doubt, DNA damage can be a critical factor 
for the action of anticancer drugs. It is important to 
recognize, however, that it represents only one facet of the 
pleiotropic reactivities of nominally DNA-reactive drugs. 


3.2. Protein damage as apoptotic stimulus 


The profound ability of various alkylating drugs to bind 
cellular proteins seems to be particularly under-appreciated 
as a contributing factor in apoptotic responses. The normally 
functioning cell maintains reductive conditions. Numerous 
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proteins require reduced sulfhydryl groups for their proper 
function. It is well established that compounds that form 
adducts only with proteins, such as diamide, distort the 
redox homeostasis of the cell in the pro-oxidative direction 
[10,41—46] (Fig. 2). Consequently, thiol-reactive com- 
pounds themselves can induce apoptosis without reacting 
with cellular DNA [10,42,44,46]. 

Importantly, the thiol-disulfide balance has also been 
implicated in redox-sensitive gene expression, which drives 
critical steps in signal transduction [22,47 —49]. Drug binding 
to sulfhydryl-containing proteins, especially those involved 
1n redox regulation, may have a profound effect on cellular 
responses determining apoptosis progression. If TRX and 
related systems can respond in a sufficient and timely manner, 
transcriptional reprogramming can increase the redox buffer- 
ing capacity of the cell and annihilate the effects of potentially 
apoptotic insults. However, extensive protein damage 1s 
likely to compromise the cell capacity for such restorative 
responses and precipitate responses that accelerate rather than 
slow down cell self-deterioration. Given that tumor cells may 
have already a compromised capacity to buffer pro-oxidative 
changes, the “redox factor” resulting from drug-induced 
protein damage could be of profound importance for both 
the efficiency and selectivity of drug-induced apoptosis. 


3.3. The puzzle of DNA- and protein-reactive antitumor drugs 
Several lines of observations strongly suggest that DNA 


damage does not fully account for the pro-apoptotic effects of 
at least some nominally DNA-reactive drugs. New clinically 
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Fig 2 Model for processing of DNA and protein damage in apoptosis DNA damage elicits complex death signaling pathways that ultimately lead to 
mitochondrial dysfunction Mitochondria process and integrate pro-apoptotic signals triggered by other apoptotic stimuli, including protem damage and pro- 
oxidative changes Pro-oxidative distortion of redox homeostasis appears to be a common mediator of apoptosis by various stimuli Whereas the glutathione 
(Glu-SH) system can buffer redox changes at the level of small molecules, the thioredoxin (TRX) system ts a key component controlling the redox status of the 
protein sulfhydryls. Downstream effects can provide positive feedback loops (dotted arrows) resulting in the self-amplifying nature of apoptosis 


312 BA Woynaiowska, JM Woynarowsla / Biochimica et Biophysica Acta 1587 (2002) 309-317 


relevant anticancer drugs, irofulven and oxaliplatin, belong 
to the category of agents that bind to cellular DNA but mainly 
react with cellular protems. Irofulven (HMAF, hydroxyme- 
thylacylfulvene, MGI 114, NSC 683863, Fig. 3) 1s a semi- 
synthetic analog of the sesquiterpene Illudin S [50]. This drug 
is currently undergoing a Phase III clinical trial for gemcita- 
bine-refractory pancreatic cancer and several Phase II trials 
for different tumor types [51-54]. Irofulven binds to cellular 
DNA but appears to form only monoadducts [55,56], usually 
not considered as lethal lesions. Yet, the drug is a potent 
apoptosis inducer [55,57] and produces tumor shrinkage and 
curative antitumor effects in several human xenograft models 
[58—62]. Not only does irofulven bind to multiple cellular 
proteins but also the magnitude of protein adducts (6096 of 
total covalent adducts) exceeds nearly four-fold the levels of 
cellular DNA adducts [56]. 

Oxaliplatin, a third generation platinum antitumor analog 
in which 1,2 diaminocyclohexane ligand substitutes the 
amine groups of cisplatin, has demonstrated a broad spec- 
trum of activity in a wide range of human tumors in vitro 
and in vivo [63] (Fig. 3). Our studies showed that oxali- 
platin forms fewer DNA lesions than its parent drug 
cisplatin at equimolar concentrations [64,65]. In spite of 
reduced DNA damage, oxaliplatin is at least as cytotoxic 
and as potent inducer of apoptosis as cisplatin [64]. More- 
over, oxaliplatin is clinically superior to cisplatin by being 
less toxic and retaining activity against cisplatin-resistant 


tumors [63,66,67]. Whereas protein reactivity of oxaliplatin 
has not been directly investigated, binding to cellular pro- 
teins of platinum drugs is, in general, an order of magnitude 
greater than DNA binding ( ~ 75-85 vs. ~ 10% of total 
cellular adducts, respectively, for cisplatin [68,69]). More- 
over, the hydrophobic diaminocyclohexane moiety in oxali- 
platin may facilitate drug interaction inside hydrophobic 
pockets of cellular proteins [65]. 


3.4 DNA and protein damage as apoptotic stimuli for 
irofulven and oxaliplatin? 


An intriguing possibility is that functional protein dam- 
age (interference with enzymatic, receptor and/or structural 
functions) may markedly contribute to apoptosis induction 
by DNA- and protein-reactive drugs, such as irofulven and 
oxaliplatin. To address this possibility, we compared the 
levels of apoptosis induced by these dual-action drugs with 
apoptosis by diamide, which binds only proteins, and 
apoptosis by bizelesin, a drug that reacts only with DNA 
[70] (Fig. 3). The protein damaging agent, diamide, and dual 
action drugs, irofulven and oxaliplatin, were found to induce 
apoptosis at pharmacologically relevant levels. In contrast, 
the purely DNA-damaging drug bizelesin induced only 
marginal levels of apoptotic DNA fragmentation at supra- 
lethal concentrations. Since bizelesin, diamide, irofulven 
and oxaliplatin were all compared at equitoxic levels, our 
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Fig. 3. Examples of pro-apoptotic DNA- and protem-damaging drugs (irofulven, oxaliplatin and cisplatin). Model single action drugs, diamide and bizelesin, 


represent compounds that react only with protem and DNA, respectively. 
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results illustrate the situation when protein damage alone 
may be sufficient, and DNA damage alone insufficient, for 
substantial apoptosis [57,71—73] (Fig. 4). 

The effects of irofulven and oxaliplatin suggest that 
the most potent apoptosis induction occurs when both 
DNA- and protem reactivities are combined. Such a self- 
potentiating apoptosis can explain the potent pro-apop- 
totic and antiproliferative effects of irofulven and oxali- 
platin [55,57,64,65,73]. DNA adducts by these drugs, like 
DNA damage, in general, are probably important in initiat- 
ing death signaling. However, 1f DNA damage is accom- 
panied by protein damage, apoptotic progression might 
accelerate. Although woefully understudied, protein dam- 
age is highly likely to contribute as well to the apoptotic 
effects of other dual-action drugs. Notably, a recent study 
by other authors linked apoptosis induction to protein da- 
mage by helenalin [74]. This antitumor agent, like iro- 
fulven, 1s a sesquiterpenoid capable of reacting with protein 
sulfhydryls, but possibly does not react with DNA [75]. 
Importantly, protein damage would push cell metabolism in 
the same pro-apoptotic direction as DNA lesions but acting 
In a nonoverlapping manner at the redox level, i.e., down- 
stream from DNA damage-inducible death signaling. The 
idea that protein-damage may actively contribute to apop- 
tosis induction by DNA-damaging agents challenges the 
common belief that bmding of a DNA-reactive drug to 
proteins is merely a “detoxification” event. Collectively, 
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the results with model compounds and known pro-apoptotic 
properties of other protein-damaging agents strongly sug- 
gest that DNA- and protein-reactive drugs may be partic- 
ularly suitable for targeting apoptosis. 


4. Preferential apoptosis induction in tumor cells by dual 
action drugs 


A question of paramount importance for targeting apop- 
tosis with dual-action drugs is whether they have the ability 
to selectively affect tumor cells. Our recent studies, dis- 
cussed below, provide a proof of concept that differential 
apoptosis in cancer versus normal cells is feasible and can 
be considered as a potential basis for tumor selectivity with 
apoptosis targeting strategies. 


4.1. Differential apoptotic responses in tumor versus normal 
cells’ 


The potent induction of apoptosis is the most prominent 
feature of irofulven action in various tumor cell systems, 
including several human prostate, colon, breast and leukemia 
tumor cell lines [55—57,76,77]. In striking contrast to tumor 
cells, normal cells tend to be remarkably resistant to the 
induction of apoptosis by irofulven treatment. Marginal or 
very low levels of apoptosis, as measured by DNA fragmen- 
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Fig. 4 Apoptotic potential of single and dual-action drugs [71,73] Human leukemia CEM cells were treated for 24 h with model drugs damaging only proteins 
(diamide), only DNA. (bizelesin), and both DNA and protein (:rofulven and oxaliplatin). To relate the effectiveness of these agents to the pharmacologically 
relevant levels, the abscissa indicates equitoxic concentrations expressed as the multiples of the ICso values (drug concentrations inhibiting cell growth by 
80%) The examples shown are for quantitative DNA fragmentation assay Analogous pattern of apoptotic potential was found based on changes m cell 


morphology and several other apoptotic assays 
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tation and other apoptotic assays, were detected in normal 
mucosa, fibroblasts, epithelial and endothelial cells. While 
cancer cells underwent apoptosis after relatively brief treat- 
ments, normal cells remained refractory even to prolonged 
incubations with irofulven at concentrations that exceeded 
up to hundred-fold the levels sufficient for growth inhibition 
and apoptosis in tumor cells (Fig. 5A,B and Fig. 6). 
Although data for oxaliplatin are less extensive, this drug 
also showed indications of preferential apoptosis in some 
tumor cells over normal cells (Fig. 5C,D) [64,73]. A pro- 
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found apoptosis in tumor cells with marginal effect in normal 
peripheral blood cells was recently observed also for the 
protein-reactive helenalin [74]. 


4.2. Cytotoxic versus cytostatic effects of irofulven 


Importantly, the resistance of normal cells to irofulven 
could not be accounted for by differences in drug accu- 
mulation or drug covalent binding to macromolecules 
[56,57,76]. Drug-induced growth inhibition paralleled the 
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Fig 5 Differential induction of apoptosis m tumor (A,C) and normal (B,D) cells by dual-action drugs. Cells were treated with various concentrations of 
wofulven for 4 h followed by 20 h post-incubation m drug-free medium (A,B) or with oxaliplatin for 24 h (C,D) before determination of apoptotic DNA 
fragmentation Human tumor cell lines LNCaP-Pro5 (4); LNCaP (A), LNCaP-LN3 (8), LNCaP-C4-2 ( w), PC-3 (€), Colo 320DM (m); CEM (©) and A2780 
(m). Human normal cell lines. PrEC (r), NCM 460 (A); WI 38 (o) RPTEC ( V ) and HUVEC (0). The composite data ın the figure are from the 
Refs. [57,64,73]. (Panels A and B reprinted from B.A. Woynarowska, et al., Differential cytotoxicity and induction of apoptosis in tumor and normal 
cells by hydroxymethylacylfulvene (HMAF), Biochem. Pharmacol 59 (2000) 1217—1226, 59 pp. Copyright 2000, with permission from Elsevier). 
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uptake of ['^C]irofulven, although normal cells were three- 
to four-fold more tolerant to the accumulated drug [57]. In 
both tumor and normal cells, approximately two-thirds of 
the internalized irofulven was bound covalently to macro- 
molecules [57]. Notably, normal cells, even while growth 
inhibited, maintained their viability for long times and 
showed indications of continuation of growth after several 
days. In contrast, progressive apoptosis in tumor cells 
resulted in a profound decrease in viability paralleled by 
the net decrease of cell number below the initial values (Fig. 
6) [57,76]. Thus, irofulven is cytotoxic and apoptotic in 
tumor cells but only cytostatic in normal cells. The qual- 
itatively different responses of the tumor and normal cells 
demonstrate an inherently greater tolerance of normal cells 
to molecular lesions induced by irofulven. The possible 
connection between this tolerance and redox homeostasis is 
discussed below. 

The potent and differential pro-apoptotic properties of 
irofulven in tumor but not in normal cells strongly suggests 
its potential utility as an apoptosis-enhancing agent in com- 
bination with other modalities. Indeed, the combination of 
irofulven with ‘y-radiation was at least additive with indica- 
tions of supra-additivity in terms of apoptosis and survival of 
human prostate tumor cells [76]. Most importantly, irofulven 
did not sensitize normal cells to ionizing radiation [76]. 


4.3. Distortion of redox homeostasis in tumor cells 


The pattern of apoptosis induction by irofulven is con- 
sistent with the distortion of the redox balance of the cancer 
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Fig. 6. Irofulven is cytotoxic for tumor but cytostatic for normal cells 
Tumor cells (prostate cancer LNCaP-Pro5) and normal cells (normal colon 
mucosa NCM-460) were incubated with irofulven for various times as 
indicated. Data for three endpoints are shown: cell growth inhibition (Panel 
A), cell viability (by trypan blue exclusion, Panel B) and quantitative 
apoptotic DNA fragmentation (Panel' C). Note that normal cells were 
treated with the 50-fold higher concentration of srofulven than cancer cells 
(5 and 0.1 uM, respectively). Although normal cells are growth inhibited, 
they remain viable and do not undergo apoptotic DNA fragmentation. Data 
are the examples taken from Refs' [57,76]. 


Table 1 

Differential redox-related responses to irofülven in tumor and normal cells? 
Cell line Tumor" Normal? 

TRX protein basal level + +++ 

TRX upregulation (mRNA and protein) ++ (transient) +++ (transient) 
TRX protein depletion yes no 

NF-KB binding activation +++ + (transtent) 
AP-1 binding activation +++ ND. 

Increase in protein carbonyls +++ + 

Decrease ın protein sulfhydryls +++ — 
Transcriptional responses +++ +++ 


* Based on Refs. [73,78,79] and Liang et al, in preparation 

> Results obtained usmg prostate tumor LNCaP-Pro5 cells and normal 
colon mucosa NCM-460 ceils 

° N.D., not determined 


cell (Table 1) [73,78,79]. Several findings implicate TRX, a 
key redox-controlling factor, in irofulven-induced apoptosis. 
The drug can bind covalently to purified TRX [56], adduct- 
ing one of its sulfhydryl groups [79]. In cancer cells, 
irofulven causes an early and transient up-regulation of 
TRX, which is detected at both mRNA and protein levels. 
Consistently, TRX-dependent redox-sensing transcription 
factors, nuclear factor «B (NF-KB) and activator protein 1 
(AP-1) are also activated (Table 1). Irofulven treatment 
results also m the early and profound translocation of pro- 
apoptotic Bax to mitochondria, dissipation of mitochondrial 
membrane potential, the release of cytochrome c, and 
activation of a caspase cascade [78]. At later times, there 
is a profound depletion in TRX protein levels (below the 
basal level), accompanied by massive pro-oxidative changes 
in cellular proteins, manifested as the increase in protein 
carbonyls and decrease in protein sulfhydryls (Table 1, Ref. 
[79]). The observed pattern suggests that irofulven induces a 
rapid and possibly self-amplifying cascade of pro-oxidative 
changes in cancer cells. Whereas further studies are needed 
for better understanding of these effects, the profound and 
irreversible collapse of the redox homeostasis supports the 
notion that drug-induced protein damage may contribute to 
apoptosis induction in cancer cells. 


4.4. Redox-related responses in normal cells 


Normal cells, in general, are believed to be better 
protected from pro-oxidative insults than tumor cells 
[18,80]. The. greater capacity of normal cells to maintain 
reducing conditions could explain their relative insensitivity 
to drugs such as irofulven and oxaliplatin. For instance, 
irofulven-resistant normal cells have markedly higher basal 
TRX levels than irofulven-sensitive tumor cells (Table 1). 
While irofulven also causes a transient stimulation of TRX 
expression in normal cells, the initial TRX levels are soon 
restored, and, in contrast to tumor cells, no TRX depletion is 
observed (Table 1). Hence, irofulven-treated normal cells do 
initiate redox-related responses, but their overall redox 
homeostasis remains stable, even after prolonged times. 
This pattern is consistent with the observed cytostatic effects 
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of irofulven in normal cells, as opposed to cytotoxic effects 
seen in cancer cells (c.f., Fig. 6). These findings warrant 
further investigations to clarify the significance of TRX and 
other redox-buffering elements in apoptosis by dual action 
drugs, in particular in a broader range of cell lines with 
varying basal TRX levels. 


4.5. Bypass of apoptosis-inhibiting mechanisms by dual- 
action drugs 


Several studies showed that dual-action drugs may 
remain pro-apoptotic under various pharmacologically 
unfavorable conditions. Irofulven and oxaliplatin seem to 
induce apoptosis in cancer cells regardless of their p53 
status [57]. Pro-apoptotic effects of irofulven are largely 
bcl-2-independent, as found in a system with forced bcl-2 
overexpression [81]. Finally, irofulven apoptosis is appa- 
rently not mediated by caspase-3, a generally important 
apoptosis executioner. Consequently, irofulven retains its 
full pro-apoptotic activity in caspase-3 deficient cells [77]. 
Hence, differences in the levels of pro- and anti-apoptotic 
factors, which may, m principle, affect cellular responses 
to various drugs, should be less critical for agents that 
target the apoptotic process at multiple, nonoverlapping 
points. 


5. Concluding remarks 


Both DNA damage and protein damage can, in principle, 
promote apoptosis. While DNA damage initiates death 
signaling, protein damage is known to distort the cell redox 
homeostasis, which facilitates apoptosis execution. The 
reviewed findings with novel anticancer drugs that react 
with both DNA and proteins suggest that both reactivities 
may indeed contribute to their pro-apoptotic properties. This 
notion challenges the common belief that binding of such 
drugs to cellular proteins 1s merely a detoxification event. 
Clearly, further studies are needed to better understand 
whether and when DNA damage alone, or in conjunction 
with protein damage, determines the fate of cancer cells 
treated with dual-action anticancer drugs. 

Importantly, the reviewed investigations provide a proof 
of principle that dual-action drugs can target apoptosis in 
tumor cells, but spare normal cells. The qualitatively differ- 
ent responses and profoundly greater tolerance of normal 
cells to molecular lesions that promote apoptosis in tumor 
cells point to fundamental differences that can be therapeuti- 
cally exploited. In that context, it could be important that 
drugs, such as irofulven, affect multiple cellular molecules. 
Although damage to some specific targets might be partic- 
ularly lethal, all the DNA- and protein-lesions may well act 
in concert (Fig. 2). Hence, DNA- and protein-damaging 
drugs can be perceived as agents targeting a process, rather 
than a specific single biological entity, or one specific 
pathway. 
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Abstract 


Specific tyrosine kinase inhibitors (TKIs) are rapidly developing clinical tools applied for the inhibition of malignant cell growth and 
metastasis formation. Most of these newly developed TKI molecules are hydrophobic, thus rapidly penetrate the cell membranes to reach 
intracellular targets. However, a large number of tumor cells overexpress multidrug transporter membrane proteins, which efficiently extrude 
hydrophobic drugs and thus may prevent the therapeutic action of TKIs In the present work, we demonstrate that the most abundant and 
effective cancer multidrug transporters, MDR1 and MRPI, directly interact with several TKIs under drug development or already in clinical 
trials. This interaction with the transporters does not directly correlate with the hydrophobicity or molecular structure of TKIs, and shows a 
large variability in transporter selectivity and affinity. We suggest that performing enzyme- and cell-based multidrug transporter interaction 
tests for TKIs may greatly facilitate drug development, and allow the prediction of clinical TKI resistance based on this mechanism 
Moreover, diagnostics for the expression of specific multidrug transporters in the malignant cells, combined with information on the 
interactions of the drug transporter proteins with TKIs, should allow a highly effective, individualized clinical treatment for cancer patients. 


@ 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Carcinogenesis in numerous cases is based on a patho- 
logical intracellular signal transduction, in which the acti- 
vation of specific tyrosine kinases plays a major role. 
Tyrosine kinases modify highly diverse cellular responses, 
including proliferation, differentiation, cell—cell interac- 
tions, or cell motility, thus aberrant TK activity leads to 
various disease states. Many oncogenes found in cancers are 
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TKI, tyrosine kinase inhibitor 
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derived from tyrosine kinase genes that have been deregu- 
lated, leading to constitutive activity. Overexpression or 
activation of wild-type tyrosine kinases can also lead to 
cancer (see reviews [1—3]). 

Tyrosine kinase inhibitors (TKI) with increased specific- 
ity and selectivity have been developed against misregulated 
or unregulated receptor-dependent and intracellular tyrosine 
kinases, which play a major role In cancer development. 
Modification of both tumor growth and metastatic potential 
of cancer cells has been reported by such agents (see [Refs. 
4,5]. Based on these results, development of specific 
inhibitors of selected tyrosine kinases became a major area 
of modern antitumor drug research. 

A prominent recent example for a successful antitumor 
application of TKIs is the development of specific Abl 
TKIs. The permanent activation or overexpression of the 
Abl cytosolic tyrosine kinase has been associated with a 
variety of human tumors, especially leukemias. In chronic 
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myeloid leukemia (CML), the most common form of 
leukemias, a 210-kDa form of the Ber—Abl fusion protein, 
resulting from a (9:22)-chromosome translocation (Phila- 
delphia chromosome), is present in 95% of these patients. 
The transforming function of the Bcr—Abl fusion protein 
depends on the constitutive and elevated tyrosine kinase 
activity of the enzyme, thus the Abl tyrosine kinase has 
become a validated target for antitumor drug research. 

Several effective inhibitors of the Bcr- Abl kinase have 
been synthesized and introduced into preclinical trials. Data 
in the literature indicate that CGP57148B (STI-571, Glee- 
vee), a 2-phenylamino-pyrimidine derivative, selectively 
inhibits the tyrosine kinase Abl and Bcr— Abl. It has also 
been documented that this compound selectively suppresses 
the growth of Bcr—Abl-positive cells over a wide dose 
range, with a maximal differential effect at about 1 uM. 
Inhibition of the Bcr— Abl kinase by STI-571 preferentially 
inhibits the growth of immature leukemic precursor cells, 
and efficiently reverts the antiapoptotic effects of Bcr—Abl 
by down-regulating BCL-X [6]. According to the first 
clinical trials, STI-571 treatment of CML produced haema- 
tological remission in 90% of patients [7]. Further clinical 
studies have ascertained a significant antitumor effectivity 
of STI-571 both m CML and other cancerous diseases (see 
[Ref. 8]), thus a wide range of clinical applications for these 
compounds is expected in the near future. 

Untoward activation of EGF receptor tyrosine kinases is 
another well-documented phenomenon in a variety of 
malignancies, thus a number of EGFR-TKIs have also re- 
ached various phases of clinical trials (see [Ref. 9]). An 
important irreversible inhibitor of the EGF receptor tyrosine 
kinase (EKI-785), has been recently introduced into pre- 
clinical investigations [10]. TRX-13 [11], and tyrphostins, 
including AG-213, AG-1112 and AG-1393, are molecules 
which were reported to inhibit various receptor-coupled 
tyrosine kinases with relatively high specificity (see [Ref. 
12]. 

In our research group, we have developed a series of 
novel TKIs with the aim of modifying cellular responses 
and inhibiting cancer cell growth [13—17]. In the rational 
drug design program, the synthesized molecules, examined 
under proper quality control, were screened in several 
enzyme-, and cell-based assays, showing significant tyro- 
sine kinase modulating effects. Several of these molecules, 
including OBF-1622, OBF-1822, OBF-1834, and OL-57 
are currently introduced into preclinical trials. 

The therapeutic potential of the TKIs, targeted against 
cytosolic enzymes, depends both on specific kinase inhib- 
itory potential, as well as their access to their intracellular 
targets. Most of the effective TKIs are hydrophobic mole- 
cules, which are rapidly absorbed, distributed, and penetrate 
the cell membranes. However, the so-called multidrug 
transporters, present in the physiological barriers and in a 
large variety of tumor cells, may significantly alter the 
bioavailability of TKIs both at the systemic and the cellular 
levels. 


The human multidrug transporters are plasma membrane 
glycoproteins which provide a major obstacle in the efficient 
chemotherapy of patients suoffering from cancer. These 
transporters belong to the family of ABC proteins, and 
work as ATP-dependent primary active transporters, effi- 
ciently extruding the clinically applied chemotherapeutic 
compounds. The two key proteins currently believed to be 
involved in cancer multidrug resistance are MDRI (P- 
glycoprotein) and MRP1 (multidrug resistance protein 1). 
Both of these proteins can recognize and transport a large 
variety of hydrophobic drugs, and MRPI can also extrude 
anionic drugs or drug conjugates. 

The exact mechanism of action of the multidrug trans- 
porters is not known, although their membrane topology and 
basic functional characteristics have been explored in a 
variety of biochemical and cell biology studies (see [Refs. 
18—20]. Multidrug transporters were first described in 
drug-resistant tumor cells, but they also provide important 
physiological functions: both MDR1 and MRP1 are key 
players in tissue barriers, e.g. in the blood— brain barrier, and 
participate in various transport and secretory functions in the 
gut, liver, kidney, and several other organs. Modulators of 
drug transporters are regarded as potential clinically appli- 
cable agents to inhibit cancer multidrug resistance and alter 
tissue distribution for various pharmacons [21,22]. 

Since anticancer action and general tissue distribution 
for hydrophobic drugs are both significantly affected by 
the multidrug transporters, by now it has been generally 
accepted that cancer drug development should increase the 
examination of the interaction of the lead compounds with 
the multidrug transporters. In the area of TKIs, this has not 
been explored as yet, although recent studies clearly 
indicated the occurrence of cellular STI-571-resistance, 
which may involve the function of multidrug transporters 
[8]. 

In the present work, we have analyzed the interactions of 
MDRI and MRP1 with a variety of TKIs, including STI- 
571, by using both enzyme-, and cell-based test systems. 
We found that the multidrug transporters directly interacted 
with several TKIs. These interactions did not directly 
correlate with the hydrophobicity or molecular structure 
of TKIs, and showed significant variability in selectivity 
and affinity. We suggest that such studies, used in the early 
stages of drug development, may significantly improve both 
the selection of lead molecules and the clinical application 
of TKIs. 


2. Experimental procedures 
2.1. Expression of MDRI and MRP1 in insect cells 


Recombinant baculoviruses containing the MDR1 and 
MRP1 cDNA were prepared as described in Refs. [23,24]. 
Sf9 (Spodoptera frugiperda) cells were cultured and 
infected with a baculovirus as described in Ref. [23]. 
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2.2. Membrane preparation and immunoblotting 


Virus-infected Sf9 cells were harvested, their membranes 
isolated and stored, and the membrane protein concentra- 
tions determined, as described in Ref. [25]. Immunoblot 
detection was performed and protein—antibody interaction 
was determined using the enhanced chemoluminescence 
technique as described earlier [24]. 


2.3. Membrane ATPase measurements 


ATPase activity was measured basically as described in 
Ref. [25] by determining the liberation of inorganic phos- 
phate from ATP with a colorimetric reaction. The incubation 
media contained 10 mM. MgCD, 40 mM MOPS- Tris (pH 
7.0), 50 mM KCI, 5 mM DTT, 0.1 mM EDTA, 4 mM Na- 
azide, 1 mM ouabain, and 4 mM ATP. 


2.4. Multidrug transporter assays in mammalian cells 


For the investigation of the function of MDRI and 
MRP! in mammalian cells, we applied both well-charac- 
terized transfected (NIH-3T3-MDR1, MDCKII-MDR1) and 
drug-selected (HL60-MDR1, KBV1(MDR1), HL60-MRPI 
(ADR), S1-MRP1, MDCKII-MRP1) cell lines, as described 
in Ref. [26]. 

The Calcein assay, used for the quantitative determina- 
tion of multidrug transporter activity, was performed as 
described earlier [27,28]. In brief, fluorescence intensities 
were determined in a fluorescence microplate reader after a 
short in vitro incubation. Cultured and well-characterized 
MDRI-Pgp expressing cells were incubated with the non- 
fluorescent Calcein AM, and with the respective concen- 
trations of the compounds to be examined. The increase in 
cellular fluorescence, due to the liberation of free Calcein 
inside the cells, was determined. MDRI- and/or MRP- 
interactrve compounds inhibited the outward transport of 
Calcein AM, thus significantly increase the rate of Calcein 
accumulation. In order to obtain the respective ICso values 
for the TKIs, a computer-based evaluation protocol was 
applied. 


2 5. TKIs investigated in the present study 


The TKIs used in these experiments were synthesized 
and characterized in our laboratory as it was published 
earlier [5,13—16]. Fig. 1 shows the structural formulas for 
the TKIs examined in the present experiments. 


2.6. Hydrophobicity parameters 


Hydrophobicity parameters for the TKIs were obtained 
by two independent methods, widely used to estimate 
membrane permeation of lipophilic compounds. In brief, 
the logarithmic values of the octanol/water distribution for 
each compound were estimated by using the Pomona data- 


base and the methods named clogp http://www.daylight. 
com/daycgi/clogp, based on Ref. [29]) and Kowwin (KOW- 
WIN v1.55; SRC-LOGKOW for Microsoft Windows, 
Copyright W. Meylan, 1993—1997), based on Ref. [30], 
respectively. 


3. Results 


3.1 MDRI and MRP1 ATPase activity measurements in 
isolated insect cell membranes 


In the first set of experiments we have examined the 
effects of TKIs on the transport-related ATPase activity of 
human MDR1 and MRP1 multidrug transporter proteins, 
expressed in isolated insect cell membranes. The vanadate- 
sensitive ATPase activity of the MDRI multidrug trans- 
porter is significantly stimulated by hydrophobic substrate 
drugs [25], while the specific ATPase activity of the human 
MRPI protein is stimulated by various glutathione-conju- 
gates (GS-X), glucuronate-conjugates, and anionic drugs. In 
the case of MRP1, the ATPase activity is also stimulated by 
some of the hydrophobic compounds, e.g. vincristine, but 
this stimulation, in some cases, requires the presence of free 
glutathione [31]. It has been documented in detail, that the 
stimulation of the MDR1-, or MRP1-ATPase activity and its 
drug concentration dependence closely correlates with the 
respective transport activity of these proteins [24,25,32]. 
Therefore, this relatively simple assay can be used as an 
efficient screening for a large number of different com- 
pounds. 

In order to explore all possible forms of direct TKI 
interactions with the multidrug transporters, in the current 
study we also examined the TKI inhibition of the MDRI 
and MRPI ATPase activities in the presence of maximum- 
stimulating agents. In the case of MDR1, ATPase inhibition 
by TKI was measured in the presence of 30—50 uM 
verapamil, while inhibition of MRP1 was studied in the 
presence of 5 mM NEM-GS. The combination of these 
assays allows to distinguish among transported substrates 
and inhibitors of the drug transporter proteins. 

Fig. 2 documents the MDR1-ATPase measurements for 
some of the compounds examined, as compared to the effect 
of verapamil, as a reference compound (data for all com- 
pounds are summarized in Table 1). As shown, OBF-1834, 
AG-1393, OL-57, and STI-571 significantly stimulated the 
MDRI-ATPase activity in the low micromolar concentration 
range. TRX-13 stimulated this ATPase only in higher con- 
centrations, while EKI-785 had no significant activation 
effect. The different maximum levels of ATPase stimulation, 
which were generally lower than that obtained with verapa- 
mil (set as 10096 activation), suggested that most of the 
activating TKI compound may have an MDRI-ATPase 
inhibitory effect in higher concentrations. 

Fig. 3 shows the effect of the same compounds on the 
MDRI-ATPase activity in the presence of maximally stim- 


Ce, 
N= 


T Hegediis et al / Biochimica et Biophysica Acta 1587 (2002) 318-325 


P m 


321 


\ JN HC H 
N 4 3 
H.C 5e Suo Ñ 
3 MT 
NH li 
O Zz 
N 
EKI-785 
NH 
o 
Š L di 
CN HO s^ "NH, 
dir 
HC 
STI-571 AG-213 
ox, + 





H 

si 

HO 
OH 
AG-1112 HDL-2722 
OH 
OH 
9 


OBF-1822 


OBF-1834 





HO 


OH 


OBF-1622 


HN CH 


CH, N N 


TRX-13 


Fig. 1. Structures of the TKIs examined m the present experiments. 


ulating verapamil concentrations (40 uM). In this case, we 
analyzed the possible inhibitory potential for the TKI 
compounds. As demonstrated, AG-1393 had the most 
pronounced MDRI-ATPase inhibitory effect in the low 
micromolar range, and STI-571 had a slightly lower inhib- 
itory potential. OBF-1834 and OL-57 acted only at concen- 
trations above 20 uM, while TRX-13 had no inhibitory 
effect at all. Interestingly, EKI-785 effectively inhibited the 
MDR1-ATPase activity atconcentrations between 10 and 20 
uM. 

In the following experiments, we examined the effects of 
TKIs on the MRPI-ATPase activity in isolated Sf9 cell 
membranes. MRP1 has a much lower ATPase activity as 


compared to MDRI, and in this case we could not measure 
any significant activation of the basic MRP1-ATPase activ- 
ity by any of the TKIs (not shown). Interestingly, when the 
MRP1-ATPase activity was maximally stimulated by 5 mM 
glutathione-conjugate, NEM-GS, we observed inhibitory 
actions for several compounds. As documented in Fig. 4, 
we found that EK-785 inhibited the MRP1-ATPase at the 
micromolar range (50% inhibition at about 10 uM), while 
STI-571 had a smaller effect and only at higher concen- 
trations (5096 inhibition at higher than 100 uM). AG-1393 
and O1-57 were effective inhibitors, while TRX-13 had only 
a partial inhibitory effect even at higher than 100 uM 
concentrations. 
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Fig 2 Activation of the human MDRI-ATPase activity by various 
concentrations of TKIs The data are presented as relative activation values, 
compared to 100% activation obtained with 40 uM verapamil (see 
Experimental procedures) Data compiled from at least four mdependent 
measurements for each compound. 


3.2. Effects of TKIs in a cellular multidrug resistance 
activity (Calcein accumulation) assay 


In the following experiments, we applied a whole-cell 
screening system for studying the interactions of TKIs with 
the multidrug transporter proteins. When cells expressing 
the multidrug transporters are mcubated with the non- 
fluorescent Calcein AM, due to an active dye extrusion, 
free Calcein accumulation is slow. MRP1 transports both 
Calcein AM and free Calcein, thus the assay can be used to 
study both drug transporters. Agents that interact with the 
multidrug resistance proteins inhibit dye extrusion and 
greatly accelerate fluorescent Calcein accumulation. The 
concentration dependence of this transport inhibition 
reflects the level of drug interaction with the drug pump 
proteins (see Experimental procedures). The relatively sim- 
ple assay and the computer-based evaluation protocol allow 
the rapid in vitro screening of large numbers of agents 
selectively interacting with MDR1 or MRP1, although in 
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Fig 3 Inhibition of the verapamil-stimulated human MDRI-ATPase 
activity by various concentrations of TKIs Maximum actrvation (100%) 
was obtained with 40 uM verapamil Data compiled from at least four 
independent measurements for each compound 


this case competition or direct inhibition of the transporters 
cannot be distinguished. 

Fig. 5 depicts some of the results obtained with the 
Calcein assay m a cell line expressing high levels of the 
human MDR1 protein (HL60-MDR1). All the data obtained 
for TKIs are summarized in Table 1. As shown in Fig. 5, 
Calcein AM extrusion by MDR1 was significantly inhibited 
by low concentrations of AG-1393, and at somewhat higher 
concentrations of STI-571, OL-57, or EKI-785. OBF-1834 
had an incomplete inhibitory effect, and higher concentra- 
tions could not be examined, because of cellular toxicity. 
TRX-13 was quite ineffective in this whole-cell-based 
MDRI assay. 

Fig. 6 demonstrates a similar study for the inhibition by 
TKIs of the MRP1-dependent Calcein transport in HL60- 
MRP! cells. As shown, MRPI-dependent transport was 
strongly inhibited by low micromolar concentrations of 
AG-1393, OBF-1834 and EKI-785, while OL-57 acted at 
somewhat higher concentrations. The MRP1-dependent 
transport was not significantly mhibited by TRX-13, and 
only at relatively high concentrations (above 20 uM) by 
STI-571. 


Table 1 

Summary of the parameters of the TKIs examined 

TKI Kowwin clogP Kao, of Kian of verpamil- Ky of Calcem AM Kian of Calcein AM 
MDRI-ATPase stimulated extrusion from extrusion from 
(uM) MDRI-ATPase (uM) HL60 MDRI cells (uM) HL60 MRP! cells (uM) 

AG-213 —073 0.048 >200 >200 >200 >200 

OBF-1622 0.99 0 867 200 50 100 20 

AG-1112 106 1 813 2200 2200 200 20 

HDL-2722 1 29 0439 100 2200 100 100 

OBF-1822 219 3.551 50 100 10 10 

OBF-1834 2.67 4 148 5 20 230 4 

STI-571 301 4529 I 3 8 20—30 

AG-1393 3.34 3781 08 I I 2 

EKI-785 369 468 >200 20 20 4-5 

OL-57 396 5.178 5 50 20 8 

TRX-13 405 4.895 20 2200 2200 2200 
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Fig. 4 Inhibition of the NEM-GS-stimulated human MRP1-ATPase activity 
by various concentrations of TKIs. Maximum activation (100%) was 
obtained with 5 mM NEM-GS. Data compiled from at least four 
independent measurements for each compound 


3.3 Comparison of hydrophobicity parameters and multi- 
drug transporter interaction data 


When using the two widely accepted methods, Kowwin 
and clogp, respectively, to obtain hydrophobicity parameters 
(see Experimental procedures) for the TKIs examined, the 
values provided by the two independent methods were 
somewhat variable, but showed a very good correlation 
(see Table 1, rows 2 and 3). In order to examine the 
relationship between these values and the corresponding 
multidrug transporter interaction data, we compiled these 
values for all TKIs examined in this study. In Table 1, we 
present all these data by sorting according to the ascending 
Kowwin hydrophobicity values. 

As documented in Table 1, while the two different 
estimations for the hydrophobicity values are in good 
correlation, the values obtained for the interaction of TKIs 
with either the MDRI or the MRP1 protein show no 
apparent correlation with these parameters. The only appre- 
ciable information provided by this comparison is that no 
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Fig 5. Inhibition of Calcein AM extrusion by the human MDR] by various 
concentrations of TKIs. Calcein AM extrusion was measured in HL-60 
MDRI cells (see Experimental procedures). Data compiled from at least 
four independent measurements for each compound 
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Fig. 6. Inhibition of Calcein AM and free Calcem extrusion by the human 
MRPI by various concentrations of TKIs. Calcein AM extrusion was 
measured ın HL-60 MRPI cells Data compiled from at least four 
independent measurements for each compound 


MDRI-interacting compounds were found with low hydro- 
phobicity values (below Kowwin 1.29), while in the case of 
MRP], even this relationship was absent. 


4. Discussion 


TKIs are among the most important drug candidates in 
the area of signal transduction therapy, fighting cancer and 
other proliferative diseases [33—35]. Beside the success- 
story of STI-571 against chronic myelogenous leukemia, at 
present, there are several TKIs at various stages of clinical 
trials [4,5]. TKIs not only inhibit the proliferation of tumor 
cells, but also 1nduce programmed cell death, which con- 
tribute to their therapeutic significance [36,37]. These inhib- 
itors in most cases have to reach their intracellular targets, 
therefore membrane transport mechanisms significantly 
alter their effectiveness and inhibitory potential. Active 
transport mechanisms, mostly based on the functioning of 
multidrug transporter proteins, may be major players in 
modifying their cellular action. 

The major multidrug transporters, MDR1 and MRP1, are 
involved mn cancer drug resistance by extruding a large 
variety of hydrophobic compounds. In the case of MRPI, 
this is supplemented with the outward transport of already 
partially detoxified drugs (drug conjugates) from the tumor 
cells. In mammals, ABC transporters, like MDRI1 and 
MRPI, have a key physiological role in the functioning of 
the blood—brain and blood-testis barriers, as well as the 
kidney, liver, lung, and intestinal epithelial cells. MDRI is 
expressed normally on apical membranes of cells derived 
from excretory tissues, as well as on the luminal surface of 
cerebral capillary cells [38,39]. MDR1 and MRP1 are 
present in the epithelia of the choroid plexus (CP) and both 
transporters participate in the blood—CSF permeation bar- 
rier [38]. MDRI-Pgp contributes to the drug-permeation 
barrier in cerebral capillary endothelial cells and takes part 
in elimination of organic cations and xenobiotics from the 
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central nervous system (CNS) [40,41]. MRPI contr-butes to 
the basolateral broad-specificity drug-permeation barrier in 
CP, protects this epithelium from xenobiotics and extrudes 
organic anions and probably also some hydrophobic com- 
pounds from the CSF [42]. 

Drugs interacting with the multidrug transporter 2roteins 
may be useful for the reversal of cancer drug resistance, as 
well as for increasing the absorption, or the brain 2ntry of 
various pharmacological agents (for review see [Ref. 43]). 
In the case of new anticancer agents, it is exceptionally 
important to obtain an estimate for their potential interaction 
with the multidrug transporter proteins, as such interactions 
will alter the anticancer activity and tissue distributicn of the 
given drug. 

In the present paper, we have shown that, bz using 
relatively simple isolated membrane and whole-cel assays 
for analyzing the function of the multidrug transporters, it is 
possible to quantitatively examine the interactions of TKIs 
with these protems. Here we applied the measurement of 
specific ATPase activity and Calcein extrusion function of 
the multidrug transporters for this analysis. 

A few interesting examples of the TKIs examined here 
are worth discussing. One such molecule is STI-571, a 
specific inhibitor of the Ber—Abl tyrosine kinase, which is 
already in wide-range clinical trials. Our data presented here 
indicate that STI-571 is an actively transported substrate of 
the human MDRI P-glycoprotein, as STI-571 activates the 
MDR1-ATPase at low micromolar concentrations arc inter- 
feres with MDRI-dependent active Calcein AM excrusion. 
The dual action of STI-571 on the MDR1-ATPase accivity is 
similar to many drugs examined earlier, that is in. higher 
concentration, a self-inhibition is observed. The exact sig- 
nificance of this phenomenon is not clear, but Cyclosporin 
A is a prototype compound with a similar MDR1-interaction 
[44]. In contrast to MDRI, STI-571 does not seem Io be a 
good substrate or inhibitor of the human MRPI protein. 
These data suggest that the clinical action of STI-571 may 
be significantly inhibited m MDR1-P glycoprotein express- 
ing tumors, while no such interference should be expected 
m MRP1-expressing cancer tissues. 

For another lead compound in preclinical and clinical 
trials, EKI-785, we found an opposite situation. Th s mol- 
ecule does not seem to interact with MDRI in the m vivo 
relevant micromolar concentration range. However, EKI- 
785 seems to specifically interact with the human MRPI 
protein. This compound inhibits the MRPI-dependeat Cal- 
cein transport and also inhibits the NEM-GS stiraulated 
MRP1-ATPase activity. In order to explore the interaction of 
EKI-785 with MRP1, further transport and ATPase studies 
would be required. Especially, the mteraction (ATPase 
activation) of this compound with MRPI should be inves- 
tigated in detail at various concentrations of free GSH, in 
order to establish if EKI-785 is a bigh-affinity actively 
transported substrate of MRPI. 

When examining the data m Table 1, another few exam- 
ples are also worth mentioning. It is quite obvious tha TRX- 


13, a prospective clinically applicable compound has no 
apparent interaction with the multidrug transporters exam- 
ined here, which may make this compound an important tool 
in the case of multidrug-resistant cancers. In contrast, when 
further developing AG-1393 or its derivatives, a major 
concern could be their high-affinity interactions with both 
MDRI and MRP1. OL-57 or OBF-1822 are on the border- 
line of interacting with the multidrug transporters, thus each 
newly developed modifications of these lead compounds 
should be individually examined in this regard. 

In numerous cases, the potential tissue distribution, 
blood—brain barrier penetration, or interaction with multi- 
drug transporter proteins for a given lead compound is 
estimated based on molecular hydrophobicity parameters. 
An important message of the present study is that this 
estimation may be entirely misleading. As documented in 
Table 1, compounds with similar high hydrophobicity, like 
AG-1393 and TRX-13 may have an entirely different 
interaction pattern with both MDR1 and MRPI. Since these 
proteins are also major players in the blood—brain barrier, 
both penetration into the CNS and anticancer effects in 
multidrug-resistant tumors should be entirely different for 
these compounds. 

We should emphasize in this discussion, that the current, 
relatively simple studies for the TKI molecules with the 
multidrug transporters provide only a basic information for 
these interaction patterns. When these measurements indi- 
cate a positive interaction, the evaluation of each lead 
compound should be extended to cellular drug-resistance 
and direct transport experiments, as we have done previ- 
ously for the small hydrophobic peptide derivatives devel- 
oped in our laboratory [32]. 


5. Conclusions 


As a summary, in the present study, we found that several 
TKIs examined show a direct interaction with MDRI and 
MRPI, although with a large variability in the transporter 
selectivity and specificity. This interaction does not directly 
correlate with the hydrophobicity or molecular structure of 
TKIs, thus the interactions cannot be correctly predicted on 
the basis of these parameters. We suggest that high-through- 
put enzyme- and cell-based interaction tests with the multi- 
drug transporters should facilitate drug development, and 
allow the prediction of clinical TKI resistance based on this 
mechanism. We also suggest that pretreatment diagnostics 
for the expression of specific multidrug transporters in the 
malignant cells will allow a more effective, individualized 
clinical treatment for the cancer patients. 
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Abstract 


Breast cancer 1s the leading cause of death among worren and the contribution of circulating oestrogens to the growth of some mammary 
tumours has been recognized. Consequently, suppressior of oestrogen action by inhibition of their biosynthesis at the androstenedione- 
oestrone aromatization step, by means of selective inhibiors of the enzyme aromatase, has become an effective therapeutic option for the 
treatment of hormone-dependent breast cancer. Exemesane (6-methylenandrosta-1,4-diene-3,17-dione) is a novel steroidal irreversible 
aromatase inhibitor recently approved and introduced into the global market under the name Aromasin®. The design, laboratory and viable 
syntheses of exemestane, starting from a variety of swroidal precursors, are presented and discussed. Data from biochemical and 
pharmacological studies as well as the clinical Impact of tae compound are briefly reviewed. The drug is an orally active and well-tolerated 
hormonal therapy for postmenopausal patients with adwanced breast cancer that has become refractory to standard current hormonal 
therapies. © 2002 Elsevier Science B.V. All rights reserved. 


Keywords Exemestane, 6-Methylenandrosta-1,4-diene-3,17-dion: ; Aromasin; Aromatase inhibitor; Steroid chemistry, Breast/hormone-dependent cancer 








1. Introduction 


Breast cancer is the leading cause of deaths among 
women with 1 million new cases in the world each year 
and with a rate of over 56 per 100,000 populaion in 
Western Europe [1]. One-third of human breast tamours 
are hormone-dependent [2] and epidemiological anc exper- 
imental evidence strongly supported that oestrogens are the 
most important hormones involved in the growth cf these 
tumours [3]. The observation that administration er sub- 
traction of hormones could interfere with the growth of 
some tumours was first made over a century agc when 
regression of metastatic breast carcinoma was achieved 
successfully by ovariectomy [4], and significant acvances 
in the endocrine ablative therapy for breast cancer were 


Abbreviations AcOH, acetic acid; i-AmOH, 1so-amylic alcohol; 
DABCO, 1,4-diazabicyclo[2 2.2 Joctane, DDQ, dichlorodicyanot2nzoqui- 
none, DMBA, 7,12-dimethylbenzanthracene; DMF, N,N-dimetEylforma- 
mide; EDso, median effective dose, ICs9, median inhibiting concentration; 
K,, inhibition constant; NADPH, reduced nicotinamide adenine cinucleo- 
tide phosphate; NaOAc, sodium acetate; PMSG, pregnant mares’ serum 
gonadotropin; THF, tetrahydrofuran; p-TsOH, para-toluenesulfon= acid 
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obtained with the introduction of bilateral adrenalectomy in 
the fifties, and of hypophysectomy in the sixties, as a mean 
of depleting oestrogens biosynthesis. 

The development of hormone receptor measurements [5], 
by allowing the identification of patients likely to respond to 
hormonal therapy (60% of postmenopausal women), pro- 
vided an impetus for the search and development of anti- 
oestrogens, progestins, LH-RH antagonists and inhibitors of 
oestrogen biosynthesis, in order to counteract oestrogen 
action. 

The agents used to block oestrogen biosynthesis as a 
mean to deplete circulating oestrogen levels, highlighted the 
importance of the enzyme aromatase as a rational target for 
the effective and selective treatment for some postmeno- 
pausal patients with hormone-dependent breast cancer [6,7]. 

Aromatase, a P-450-dependent enzyme, catalyses the 
ultimate step in oestrogen biosynthesis (Scheme 1) that 
converts androgens to oestrogens both in pre- and postme- 
nopausal women [8]. While the main source of oestrogen 
(primarily oestradiol) is the ovary in premenopausal women, 
the principal source of circulating oestrogens in postmeno- 
pausal women is from the aromatization of adrenal and 
ovarian androgens (androstenedione and testosterone) to 
oestrogens (oestrone and oestradiol) by the enzyme aroma- 
tase 1n peripheral tissues (muscle, body fat). 
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Scheme 1 Biosynthesis of oestrogens 


Testololactone, marketed under the name TESLAC®, this type. The former has been used clinically in the treat- 
and aminoglutethimide, marketed under the name ment of postmenopausal breast cancer for 20 years with 
ORIMETEN®, may be regarded as the pioneer drugs of modest response rate, and later was discovered to be an 
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ureversible aromatase inhibitor of very low potency [9]. The 
latter, a nonsteroidal, nonspecific, reversible and compet- 
itive inhibitor of aromatase, serendipitously showed its 
endocrine properties after years of clinical use as an anti- 
convulsant [10]. 

Since these drugs have been of some benefit in postme- 
nopausal breast cancer but of moderate efficacy or tolerabil- 
ity, the search and development of new, more potent, specific 
and safer aromatase inhibitors became an attractive, shared 
and well-founded option m the early 1980s. Efforts from 
numerous research groups worldwide eventually produced a 


i | i ZO 
O 


Testololactone, TESLAC® 


Type I 


selection of aromatase inhibitors, which are now in clinical 
use or in advanced clinical trials [11—15] (Fig. 1), positioning 
today these new agents in the mainstay of endocrine therapy 
for breast cancer treatment [16—19,20a,b,21]. 


2. The enzyme aromatase and aromatase inhibitors 
The aromatization of C19-steroids (androgens) to obtain 


C18-steroids (oestrogens) is performed by the enzyme 
complex aromatase (oestrogen synthetase). The complex 
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Fig 1. Structure and classification of aromatase inhibitors in the clinical practice or in the clinical testing 
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consists of a flavoprotein, reduced nicotinamide adenine 
dinucleotide phosphate (NADPH)-cytochrome P-450 
reductase, that transfers electrons from NADPH to the 
terminal enzyme, and a specific form of the cytochrome 
P-450 enzyme system, known as aromatase cytochrome P- 
450, which is the protein involved in the specific recog- 
nition and binding of C19-steroid substrates. The protein 
catalyzes a three-step oxidative reaction sequence at C-19 
culminating in the cleavage of the angular C-19 methyl 
group and in the aromatization of the ring A, releasing 
formic acid and water (Scheme 2) [22]. The process is 
allowed by the ability of the prosthetic group (haeme—iron 
porphyrin complex) of aromatase to activate dioxygen for 
insertion into C—H bonds. A number of postulated mech- 
anisms have been considered over the years, and the ration- 
alization of the third oxidative step as well as the 
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stereochemical outcome of the elimination of the 1- and 
2-hydrogens are still matters for debate. It is not a purpose 
of this paper to comment on various hypothesis, and authors 
active in this field are only referred [23-32]. 

Since aromatase has both an iron-containing and a 
steroid-binding site presenting two reasonable ways for 
inhibition, aromatase inhibitors have been traditionally 
divided into the two classes of Type I and Type II inhibitors. 


2.1, Type H aromatase inhibitors 

Type II aromatase inhibitors, such as aminoglutethimide, 
rogletimide, fadrozole, anastrozole, letrozole and vorozole, 
act by reversibly binding to the enzyme and by interfering 


with the haeme—iron group of the cytochrome P-450 moiety 
of the enzyme. A variety of enzymes possess cytochrome P- 


Tus 


(Fe oo 


Scheme 2 Conversion of androgens into oestrogens. A number of postulated mechanisms about the last oxidative step have been considered over the years 
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450 prosthetic groups, therefore, candidate inhibitors should 
be carefully designed in order to be aromatase-:pecific. 
Because they are reversible, ongoing oestrogen deprivation 
depends upon the continued presence of the dreg, thus 
posing potential toxicity issues [13—15]. 


2.2. Type I aromatase inhibitors 


Type I, or irreversible inhibitors (also known as suicide 
or mechanism-based inactivators), such as testolclactone, 
formestane (4-hydroxyandrost-4-ene-3,17-diore (1)), 
exemestane (6-methylenandrosta-1,4-diene-3,17-diene (2), 
FCE 24304, PNU 155971), atamestane (1-methylandrosta- 
1,4-diene-3,17-dione (3), SH 489) and plomestane (10B-(2- 
propynyl)estr-4-ene-3,17-dione (4) MDL 18692) interact 
with the substrate-binding site of the enzyme. They must 
have an androstenedione-like structure and shculd be 
designed in order to be transformed by the normal catalytic 
action of the target enzyme into reactive species. Covalent 
bond formation then occurs with a nucleophilic sit» of the 
enzyme, leading to the irreversible inactivation of tke target 
enzyme by preventing enzyme catalysis from occurring 
[11]. Because the inhibition is irreversible, renewed oestro- 
gen production requires biosynthesis of new enzyme aro- 
matase [15]. This would result in reduced side effeccs when 
the inhibitor is used as a drug, since the inhibitor's effect can 
persist after its clearance from the system and the cor tinuing 
presence of the drug to maintain inhibition is taus not 
necessary. 


2.3. Formestane 


As early as 1973, over 100 steroids were studiec by the 
group led by H. Brodie and A. Brodie for potental anti- 
aromatase activity [33,34]. Candidate inhibitors we-e eval- 
uated in vitro by comparing the extent of aromatization of 
[18,28-H]androstenedione to oestrogen in incubations of 
microsomes from aromatase-containing tissues (human pla- 
centa or ovaries of rats stimulated with pregnant mares’ 
serum gonadotropin, PMSG). The inhibitors with zreatest 
activity were 1,4,6-androstatriene-3,17-dione (6) [34.35], 4- 
androstene-3,6,17-trione (7) [33] (Fig. 2), and 1 [3=a]. All 
showed Lineweaver-Burk plots typical of competitive 
inhibition, which occurs rapidly in the presence ef both 
substrate (androstenedione) and inhibitor, and also caused 
slower time-dependent loss of enzyme activity wh:ch fol- 
lows pseudo first-order kinetics in microsomes preincubated 
in the absence of substrate, but in presence of the cofactor 
NADPH [36a]. No loss of activity occurred in the ebsence 
of the cofactor. These findings suggested that ail three 
compounds caused long-term inactivation or irreversible 
inhibition of aromatase, and that they can be regarded as 
mechanism-based or suicide inhibitors. 

The most Interesting compound resulted to be L a po- 
tential anabolizing agent previously synthesized in the 
laboratories of Farmitalia [36b], which was evaluated clin- 
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Fig.2 Androstenedione-like structures tested as aromatase inhibitors. 


ically in the 1980s under the name formestane [37] and 
introduced into the market in 1993 under the name LEN- 
TARON® (Ciba-Geigy, now Novartis) with the indication 
for the treatment of advanced breast cancer in postmeno- 
pausal women. In clinical trials, weekly deep intramuscular 
injections with 500 mg of formestane to unselected breast 
cancer patients resulted in a 60% suppression of plasma 
oestradiol levels and an overall response rate of almost 30%. 
Similar responses, obtained with a daily oral administration 
of 500 mg, were however indicative of a poor bioavail- 
ability by this route. A rapid metabolization of formestane 
also occurs primarily as the glucoronide conjugate. 


3. Exemestane 


In order to overcome the unfavourable metabolism and 
poor oral availability of 4-hydroxyandrostenedione, several 
groups were engaged in the synthesis and pharmacological 
evaluation of novel irreversible aromatase inhibitors with 
improved oral activity. The group led by E. di Salle and P. 
Lombardi at Farmitalia Carlo Erba (now Pharmacia) 
designed, synthesised and evaluated the novel steroid 2 
(FCE 24304, exemestane). Despite impressive steroid 
chemistry conducted over the previous decades, the struc- 
ture of exemestane resulted a new one. The design of the 
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molecule was derived by early findings that effective 
aromatase inhibitors resemble the androst-4-ene-3,17-dione 
substrate sterically and electronically, and that better inhib- 
ition was found in derivatives containing the A*-3,6-dione, 
A!146_3_one or the A*®-3-one moieties [33]. The 6-keto and 
A® groupings of these compounds extend linear conjugation 
of the parent A^-3-one system and the enzyme system 
appeared to bind well to these longer, delocalised * bond 
systems. Exemestane was found to inhibit human placental 
aromatase with a potency similar to formestane (in com- 
parative experiments, ICso=42 and 44 nM, respectively) 
and in preincubation studies exemestane caused time- 
dependent (irreversible) inactivation of the enzyme [38,39]. 

However, both androsta-4,6-diene-3,17-dione (8) [24] 
and 6-methylenandrost-4-ene-3,17-dione (9) [38] are not 
time-dependent inactivators, and irreversible aromatase 
inhibition exibited by exemestane as well as by 6, and 
1,4-androstadiene-3,17-dione (10), may rely on the lack of 
the 1B-hydrogen. At the time these compounds were under 
characterization, a postulated mechanism for conversion of 
androgens into oestrogens hypothesised the formation of an 
enzyme-bound intermediate 5 [24]. This intermediate col- 
lapses to an aromatized product via elimination of the 1B- 
hydrogen and enolisation of the resulting keto-diene moiety, 
which releases the oestrogen and simultaneously regenerates 
the unaltered and active free enzyme (Scheme 2). In the 
presence of the 1,2-double bond, the enzyme-bound inter- 
mediate will aromatize without undergoing the final elimi- 
nation reaction. Thus, the 1,2-unsaturation acts as a latent 
alkylating group (Scheme 3). 

Exemestane entered preclinical development in 1986, 
and successfully performed clinical trials during the 1990s 
to receive FDA approval on October 21, 1999 for the treat- 
ment of advanced breast cancer 1n postmenopausal women 
whose disease has progressed following tamoxifen (antioes- 
trogen) therapy. The compound, marketed under the name 
AROMASIN® (Pharmacia), is the first oral aromatase in- 
activator. 


3.1. Chemistry 


The direct mtroduction of a methylene group at 6-po- 
sition of a 3-oxo-4-ene steroid is a known process. There- 
fore, the laboratory synthesis of exemestane, 2, (Scheme 4) 
[40] exploited the 6-methylenation of androstenedione with 
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Scheme 3 Postulated aromatase mactivation mechanism by 1,4-androsta- 
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Scheme 4 Laboratory synthesis of exemestane (2). 


formaldehyde acetal and POCI; to give 9, according to the 
general method of Annen et al. [41]. The introduction of 
the required 1,2-double bond to obtain 2 was then per- 
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formed by dichlorodicyanobenzoquinone (DDQ) dehydro- 
genation. 

In order to overcome the disadvantages and drawbacks of 
these methods, represented by low yields, high price of 
DDQ and chromatographic purifications, other processes 
amenable to be scaled up were developed at Farmitalia 
Carlo Erba. 

A more original and practical synthetic approach, start- 
ing from commercially available dehydrotestosterone, dis- 
closed an unusual and unprecedented Mannich reaction on a 
cross-conjugated dienone moiety by fetching the direct 
introduction of the methylene group at the 6-position of a 
3-oxo-1,4-diene steroid, performed with paraformaldehyde 
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(CH20)s, MeoNH. HCI 
i -AmOH 
130°C 


OH 


Cho 
11 
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Scheme 5 Viable synthesis of exemestane (2) from dehydrotestosterone 


and dimethylamine ın iso-amylic alcohol (j-AmOH) at 130 
°C (Scheme 5) [42]. The hydroxyl function at C-17 of the 
ring D of the starting steroid must be initially present to 
avoid a competitive Mannich reaction occurring preferen- 
tially at C-16 if the 17-oxo analogue would have been the 
synthetic precursor. The 6-methylene intermediate (11), 
obtained by precipitation from the above reaction mixture 
m 35% yield, gave exemestane, 2, m 2896 overall yield, 
after crystallisation of the solid residue resulting from the 
work-up of the Jones oxidation to introduce the 17-keto 
group. 

An alternative synthetic viable route of exemestane was 
also set up after having performed a remarkably efficient 6- 
methylenation of the less expensive and more readily 
available androstenedione with a corporate know-how used 
in the industrial synthesis of Farmitalia's medroxyproges- 
terone acetate (Scheme 6) [43,44]. Accordingly, androste- 
nedione was first reacted with triethylorthoformate in 
tetrahydrofuran (THF)—EtOH at 40 °C in the presence of 
para-toluenesulfonic acid (p-TsOH). The resulting ethyl 
3,5-dienolether without isolation was subjected to Mannich 
reaction with N-methylaniline and aqueous formaldehyde. 
The adduct intermediate was decomposed with concentrated 
HCI and the resulting 6-methylene intermediate 9 was 
obtained in 73% yield after simple precipitation. The intro- 
duction of the double bond at 1,2-position of the 3-oxo 
steroid skeleton can be also easily carried out by bromina- 
tion—dehyrobromination. However, m the present case, 
bromination of 9 with bromme in THF-AcOH at 0 °C 
and a catalytic amount of HBr afforded the expected 
tribromide (12) in 84% yield and in almost pure form after 
precipitation. Partial debromination with sodium 10dide in 
refluxing acetone provided the crude 2-bromointermediate, 
which was dehydrohalogenated with LiCl and LiCO, in 
N,N-dimethylformamide (DMF) at 120 °C to give exemes- 
tane, 2, by precipitation with water in 47% yield based on 
androstenedione. 

A recent Pharmacia process entailed the enzymatic 1,2- 
dehydrogenation of 9 (Scheme 7) [45]. Accordingly, the 
intermediate 9 and whole cells of Arthrobacter simplex were 
mixed and agitated during some days in toluene and water 
in the presence of menadione, as a radical scavenger, and 
phosphate buffer. Exemestane, 2, was collected from the 
toluene phase after concentration and precipitation with 
octane. 


3 2. Biology 


The properties of exemestane were compared in vitro and 
in vivo with the structurally related compounds 9 and 10 
[38]. In initial co-incubation studies with the substrate, all 
three steroids were found to inhibit human placental aro- 
matase, being exemestane the more potent (Table 1). How- 
ever, this experiment gives only a preliminary indication of 
the compounds' inhibitory potency, since the values could 
be the result of both competitive and time-dependent 
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Scheme 6 Viable synthesis of exemestane (2) from androstenedione 


enzyme inhibition. In pre-incubation studies (0—32 min 
with human placental aromatase and in the presence of 
NADPH) both exemestane, 2, and 10 induced time-depend- 
ent enzyme 1nactivation, whereas no time-related decrease 
in aromatase activity was observed with the 6-methylene 
derivative 9 (Table 2). Exemestane showed a higher aroma- 
tase affinity than 10 (K,— 26 and 92 nM, respectively) and a 
faster enzyme inactivation (ti 13.9 and 24.1 mm, respec- 
tively). 

For in vivo studies, female rats with PMSG-stimulated 
ovarian aromatase were used. Twenty-four hours after dos- 
ing (10 mg/kg subcutaneously), 9 was completely inactive, 
10 lowered ovarian aromatase to 66% of the control value, 
whereas inhibition was far more pronounced with exemes- 
tane which reduced ovarian aromatase to 1996 of control 
activity (Table 3). In further dose—response studies, exem- 
estane was shown to reduce ovarian aromatase with an EDs 
of 1.8 mg/kg (s.c.) and, much interestingly, the compound 
was also very potent when given orally, its EDso being 3.7 


mg/kg (p.o.) (Fig. 3). 


The antitumour activity of exemestane was studied in rats 
with 7,12-dimethylbenzanthracene (DMBA)-induced 
tumours. Exemestane given s.c. induced 44% tumour 
regression at a dose of 3 mg/kg per day and, when the 
compound was given orally on the same treatment schedule, 
tumour regressions amounted to 50% at 100 mg/kg [46]. 
However, in the DMBA-induced mammary tumour in 
ovariectomized female rats treated with testosterone, a 
postmenopausal breast cancer model, exemestane was 
shown to be highly effective by both s.c. (88% and 96% 
tumour regression at 10 and 50 mg/kg daily, respectively), 
and oral routes (76% and 88% tumour regression at the 
same doses) [47]. 

The properties of exemestane were also compared with 
those of steroidal aromatase inhibitors developed by other 
research groups, namely formestane, 1, atamestane, 3, and 
plomestane, 4 [39]. In initia! coincubation studies with the 
substrate, atamestane was found to be the most potent 
inhibitor, showing an ICs; of 20.3 nM, compared to 31.3 
nM for plomestane, 42.5 nM for exemestane, and 43.7 nM 
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Scheme 7 Microbiological conversion of 6-methylenandrostenedione (9) to 
exemestane (2). 


for formestane. In preincubation studies with the enzyme, 
formestane, atamestane and plomestane caused, like 
exemestane, time-dependent enzyme inhibition, and striking 
differences between them were observed. Formestane was 
the fastest aromatase inactivator, showing a ty. of 2.1 min, 
whereas plomestane had a fjj; of 13.1 min, similar to 
exemesatne (13.9 min), and atamesatne was the slowest 
inactivator, with a # of 45.3 min. Plomestane and atames- 
tane showed very high affinity for the enzyme, having a K, 
of 0.7 and 2.0 nM, respectively, compared to 26.0 nM for 
exemestane and 29.0 nM for formestane. 

However, the most striking and significant differences 
were observed in vivo in the PMSG-pretreated rat experi- 
ment. Compared to formestane, plomestane and atamestane, 
exemestane was the most potent compound after both 
subcutaneous and oral admnistration, giving EDs values 
of 1.8 and 3.7 mg/kg, respectively. Plomestane showed the 
same potency as exemestane only by the subcutaneous route 
(EDso 1.4 mg/kg) and was less effective orally (EDso 18 
mg/kg). Formestane caused enzyme inactivation after sub- 
cutaneous dosing (EDso 3.1 mg/kg), but had scant effect 








Table 1 

In vitro inhibition of human placental aromatase 

Compound ICso (nM) 
Exemestane (2) 425 
6-Methylenandrostenedione (9) 1105 
1,4-Androstadienedione (10) 811 











Table 2 

Time-dependent aromatase mhubition 

Compound K, (nM) ty (min) 
Exemestane (2) 26 139 
6-Methylenandrostenedione (9) no time-dependent inhibition observed 
1,4-Androstadienedione (10) 92 241 





The compounds were pre-incubated for 0-32 min with human placental 
aromatase in the presence of NADPH. 


even at 100 mg/kg orally. Atamestane, despite its very high 
enzyme affinity, caused very low enzyme inactivation even 
subcutaneously (Table 4). In comparative DMBA-induced 
mammary tumour studies in rats, the antitumour efficacy of 
exemestane was much greater than that of atamestane, 
plomestane and formestane [48,49]. 


3.3. Clinical efficacy 


In healthy postmenopausal volunteers, which were given 
single oral doses of exemestane ranging from 0.5 to 800 mg, 
the minimal effective dose in decreasing oestrogen levels 
was 5 mg and the minimal dose which produced the 
maximum suppression of plasma oestrogens, observed at 
day 3 and persisting on day 5, was 25 mg. The long-lasting 
inhibitory effect of exemestane on oestrogen synthesis is 
likely due to the irreversible nature of its enzyme inhibitory 
property, rather than to its pharmacokinetic properties. In 
fact, the drug was rapidly adsorbed and reached peak levels 
within 2 h after oral administration, rapidly disappearing 
thereafter [50, 51]. 

Exemestane was extensively metabolized in all species. 
The initial steps are the reduction of the 17-keto group to 
give the 17g-hydroxy steroid 11, and the oxidation of the 
methylene group in position 6 with subsequent formation of 
many secondary metabolites, identified by comparison with 
synthetic reference compounds (Fig. 4) [52,53]. All metab- 
olites were found to be either inactive in inhibiting aroma- 
tase or less potent than exemestane, thus excluding a 
possible contribution of any metabolite to the observed 
prolonged effect of the drug. 

In earlier clinical studies with heavily pretreated, post- 
menopausal patients with advanced breast cancer failing 
multiple hormonal treatments, exemestane, at repeated daily 
oral doses ranging from 5 to 600 mg, caused a maximal 


Table 3 
Effect of subcutaneous dosing on ovarian aromatase activity in PMSG- 
stimulated rats 








Compound Dose Ovarian aromatase 
(mg/kg, sc) (96 controls) 

Vehicle - 100 

Exemestane (2) 10 19 

6-Methylenandrostenedione (9) 10 104 

1,4-Androstadienedione (10) 10 66 








The compounds were co-incubated for 15 min with substrate 


[18,28 H]androstenedione (50 nM). 


Aromatase activity remaining was determined in the ovarian microsomal 
fraction obtained 24 h after inhibitor dosing. 
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Fig 3. Effect of subcutaneous and oral dosing of exemestane (2) on ovarian 
aromatase activity in PMSG-stimulated rats Aromatase activity remaining 
was determined in the ovarian microsomal fraction obtained 24 h after 
inhibitor dosing and expressed as percentage (%) of controls 


inhibition (>90%) of plasma oestrogens starting from the 
lower doses. An objective positive response was observed in 
up to 33% of evaluable patients, which was promising 
considering that exemestane was administered as third- or 
fourth-line hormonal treatment m most cases [54—57]. 

The minimal effective exemestane oral dose for endo- 
crine activity in advanced breast cancer patients was 
assessed at 0.5 mg/day, achieving oestrogen suppression 
of about 25—30% versus baseline starting from day 7 of 
treatment [58]. The most favourable effects, as maximal 
suppression of oestrogens, tolerability and antitumour activ- 
ity, were observed at 25 mg daily oral dose and a large, safe 
therapeutic window of up to 600 mg was defined [59,60]. 

A study aimed at determining the effect of exemestane on 
in vivo aromatization in postmenopausal women with 


Table 4 
Effect of oral dosing on ovarian aromatase activity in PMSG-stimulated rats 





Compound Dose Ovarian aromatase EDso 
(mg/kg, orally) — (96 controls) (mg/kg, orally) 
Exemestane (2) I 67.8 37 
3 536 
10 348 
30 236 
Formestane (1) 10 799 > 100 
30 757 
100 716 
Plomestane (4) 3 716 18 
10 57.4 
30 437 
Atamestane (3) 30 768 >100 
100 89.2 


Aromatase activity remaining was determined m the ovarian microsomal 
fraction obtained 24 h after mhibitor dosing 
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Fig 4 Metabolites of exemestane (2) Exemestane 1s extensively 
metabolized to the 17B-hydroxy derivative (11) and to other compounds 
following oxidation of the 6-exomethylene group (X=OH, Y=H; 
X,Y=O). 


advanced breast cancer showed, that at 25 mg daily oral 
dose exemestane inactivated peripheral aromatase activity 
by approximately 98% and reduced basal plasma oestrone, 
oestradiol and oestrone sulfate levels by 85% to 95% after 
6—8 weeks of therapy, with respect to values before treat- 
ment [61]. 

In later clinical trials, exemestane improved survival time 
in postmenopausal patients with either advanced breast 
cancer or metastatic breast cancer, who had previously 
failed on the antioestrogen agent tamoxifen or on non- 
steroidal aromatase inhibitors treatment [62-66]. Ongoing 
clinical studies, aimed at comparing exemestane with 
tamoxifen as first-line therapy in metastatic breast cancer, 
already showed a preliminary, higher anti-tumour efficacy 
of 42—44% positive responses for exemestane versus 14— 
16% for tamoxifen [67,68]. 


4, Conclusions 
Over the past decade, novel aromatase mhibitors have 


been discovered and introduced into the clinical practice, on 
the observation that the main mechanism of action of 
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aminoglutethimide was via inhibition of the enzyme aroma- 
tase, thereby reducing levels of circulating oestrogens in 
postmenopausal breast cancer patients. 

The second generation drug was 1 (formestane), 
introduced into the market in 1993 under the name 
LENTARON®. Although its use was limited by its need 
to be given parenterally, it was found to be a well-tolerated 
form of endocrine therapy. 

Third-generation inhibitors mclude anastrozole, letrozole, 
vorozole and exemestane, the former three being nonsteroidal 
competitive inhibitors, the latter bemg a steroidal irreversible 
mbibitor. All are capable of inhibiting aromatase action by 
>90% compared to 80% in the case of formestane. 

Exemestane (AROMASIN®), a rationally designed, 
selective, orally active, long-lasting and safe hormonal drug, 
has demonstrated impressive pharmacologic and clinical 
properties in umproving the treatment of breast cancer pa- 
tients. It has also showed a great potential to be more effective 
as first-line treatment than other current drugs, comprising 
antioestrogens and nonsteroidal aromatase inhibitors. 
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Abstract 


Big-h3 (TGFBI, keratoepithelm) was first identified as a transforming growth factor-B1 (TGF-B1)-inducible gene m a human lung 
adenocarcinoma cell line. It encodes for a secreted extracellular matrix (ECM) protein, which is thought to act on cell attachment and ECM 
composition. Mutations of the Big-h3 gene are involved in several corneal dystrophies. Pancreatic cancers display multiple alterations m the 
TGF- signaling pathway and in TGF- response genes, such as overexpression ofall three TGF- isoforms and Smad4 mutations. In this report, 
we determined that Big-h3 mRNA levels were induced by TGF-B1 in two out of five examined pancreatic cancer cell lines (CAPAN-1, PANC-1). 
In CAPAN-1 cells, which harbor a Smad4 mutation, fig-h3 but not PAI-1 was induced by TGF-B1, whereas in PANC-1 cells that express wild- 
type Smad4, TGF-B1 induced both PAI-1 and fig-h3. In human pancreatic tissues, there was a 32.4-fold increase m flig-h3 mRNA levels in 
pancreatic cancers in comparison to normal control tissues In situ hybridization analysis revealed that flig-h3 mRNA was expressed mainly in the 
cancer cells within the pancreatic tumor mass These findings suggest that Big-h3 1s induced by TGF-Bs in pancreatic cancer cells even in the 
presence of Smad4 mutations, which might explain, in part, the increased Big-h3 mRNA levels observed in pancreatic cancer cells in vivo. 


@ 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Big-h3 (TGFBI, keratoepithelin) is a gene that was first 
discovered by differential expression analysis of a trans- 
forming growth factor-81 (TGF-B1)-treated human lung 
adenocarcinoma cell line [1]. It encodes a 68-kDa protein 
with an amino-terminal secretory sequence and a carboxy 
terminal sequence that can serve as a ligand recognition 
site for several integrins [1]. Subsequent analysis revealed 
that Big-h3 is strongly induced by TGF-B1 in several cell 
lines, including human melanoma cells, human mammary 
epithelial cells, human keratinocytes, and human fibro- 


Abbreviations ECM, extracellular matrix, TGF-f, transforming growth 
factor-B; TBRI, TGF-B receptor type I, TBRH, TGF-B receptor type I, 
PBS, phosphate-buffered saline, CHO, Chinese hamster ovary 
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blasts [2,3]. Expression of fig-h3 has also been observed 
in corneal epithelial cells [4], skin fibroblasts [2], endo- 
thelial cells [5], in the juxtaglomerular apparatus and the 
pars recta of the proximal tubules in the kidney [6], ın 
bladder smooth muscle cells, and m bladder urothelium 
[7]. 

Further functional analysis has revealed that fig-h3 is 
secreted into the extracellular matrix (ECM), and that it may 
function as an extracellular attachment protein, thus influ- 
encing cell attachment and migration [2]. These initial 
results led to further investigations regarding the role of 
Big-h3 in human diseases. For example, in coronary heart 
disease, restenotic coronary lesions showed high levels of 
fig-h3 in areas of dense fibrous connective tissue. Big-h3 
was present in the cytoplasm of plaque macrophages as well 
as smooth muscle and endothelial cells. [5]. Most of the 
research has focused on the role of fig-h3 mn corneal 
dystrophy [8]. Thus, fig-h3 mutations have been detected 
in six different autosomal dominant corneal dystrophies, 
such as Fuchs' dystrophy, Avellino corneal dystrophy, 
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Sardinian Reis Bucklers corneal dystrophy, and others, and 
the excessive fig-h3 content in these corneas suggests that 
the mutated gene product is a fundamental constituert of the 
characteristic corneal accumulations [8—14]. 

Our current knowledge of the potential role of B=>-h3 in 
malignant processes ıs limited to data from cultused cell 
lines. For example, SV40-transformed human fib-oblasts 
exhibit down-regulation of Big-h3 expression in conmarison 
to normal fibroblasts, suggesting that Big-h3 exprezsion is 
reduced during the malignant transformation of this cell type 
[15]. This 1s supported by experiments with Chinese ham- 
ster ovary (CHO) cells, in which transfection of a Big-h3 
expression plasmid led to a marked decrease in the ability of 
these cells to form tumors in nude mice [3]. 

In epithelial cells, TGF-Bs usually exert strong growth 
inhibitory effects [16]. However, all three TGF-8 ligends are 
overexpressed in pancreatic cancer, and that overexpression 
is associated with decreased patient survival folowing 
tumor resection [17]. Furthermore, expression ana-ysis of 
the receptors has revealed that the type H and type I TGF-B 
signaling receptors are also present m pancreatic cancer 
[18,19], raising the possibility that TGF-Bs may act in an 
autocrine manner in this malignancy to promote tumor 
growth. However, these cancer cells have lost their ability 
to respond to the growth suppressive effects of “GF-fs 
because of Smad4 mutations [20], decreased TGF-F recep- 
tor type I (TBRI) expression in a subgroup of patients 
[21,22] and overexpression of the TGF-Q signaling inhib- 
itors Smad6 and Smad7 [23,24]. Therefore, it hes been 
difficult to demonstrate convincingly that TGF-Bs ast in an 
autocrine manner in pancreatic cancer. Since fig-23 1s a 
downstream target of TGF-B1, in the present study, we 
examined the effects of TGF-B1 on fig-h3 expression in 
cultured pancreatic cancer cells in relation to their Smad4 
status, and determined whether fig-A3 is present in human 
pancreatic tissues. We now show that TGF-B1 1s able to 
induce fig-h3 ın pancreatic cancer cell lines, irrespective of 
whether Smad4 is mutated or not, and that Big-h3 s over- 
expressed in pancreatic cancer cells in vivo. 


2. Methods 
2.1. Cell culture 


Human pancreatic cancer cells were routinely grown in 
DMEM (PANC-1, MIA-PaCa-2) or RPMI (A3PC-1, 
CAPAN-1, T3M4) supplemented with 10% heat-inactivated 
FCS, 100 U/ml penicillin, 100 ug/ml streptomycin. and 2 
mM L-glutamine. Cells were maintained at 37 °C in e humid 
chamber with 5% CO; and 95% air atmosphere. Fer TGF- 
B1 experments, subconfluent cells were incubated over- 
night in serum-free medium (contaming 0.1% BSA, 3 pg/ml 
transferin, 5 ng/ml sodium selenite, and antibiotics), and 
subsequently incubated with 1 nM of TGF-B1 “or the 
indicated time. Cells were then harvested for RNA extrac- 


tion. ASPC-1, CAPAN-1, PANC-1, and MIA-PaCa-2 
human pancreatic cell lines were obtained from ATCC 
(Rockville, MD, USA). T3M4 human pancreatic cell lines 
were a gift from Dr. R.S. Metzgar (Durham, NC, USA). 
TGF-pBl was a gift from Genentech, Inc. (South San 
Francisco, CA, USA). 


2.2. Probe synthesis for Northern blot analysis 


A fragment of human fig-h3 cDNA was amplified by RT- 
PCR and subcloned into the pGEM-T Easy vector (Promega 
Biotechnology, Madison, WI, USA) according to the man- 
ufacturer’s instructions. The identity of the cDNA fragments 
was confirmed by sequence analysis using the dye terminator 
method (ABI 373A, Perkin Elmer, Rot Kreuz, Switzerland). 
The mouse 7S cDNA probe that cross-hybridizes with 
human 7S and the human PAI-1 cDNA probe were generated 
as reported previously [24]. For Northern blot analysis, the 
probes were radiolabeled with ??P-dCTP (Du Pont Interna- 
tional, Regensdorf, Switzerland) using a random primer 
labeling system (Roche Diagnostic Ltd., Rotkreuz, Switzer- 
land). For in situ hybridization, digoxigenin-labeled fig-h3 
cRNA sense and antisense probes were generated using the 
Ribomax System (Promega Biotechnology) and the appro- 
priate polymerases [24]. 


2.3 Northern blot analysis 


Following electrophoresis of total RNA in a 1.2% 
agarose/1.8 M formaldehyde gel, RNA was electrotrans- 
ferred onto nylon membranes (Gene Screen, Du Pont, 
Boston, MA, USA) and cross-linked by UV irradiation. 
The filters were then prehybndized for 5 h at 42 °C and 
hybridized for 20 h at 42 °C in the presence of the radio- 
labeled cDNA probes for fig-h3. Blots were then rinsed 
twice with 2 x SSC at 50 °C and washed twice with 0.2 x 
SSC/2% SDS at 55 °C for 10 min. All blots were exposed 


Table 1 

Summary of TGF-B receptor expression, Smad4 mutations and effects of 
TGF-B1 on cell growth and PAI-1 and fzg-h3 expression m pancreatic 
cancer cell hnes 


ASPC-1 CAPAN-1 MIA-PaCa-2 PANC-1 T3M4 


TBRI [22] + ++ + ++ + 

TBRII [22] + ++ _ + +++ 
Smad4 [26] mutated mutated wild type wild type wild type 
Growth [22] 0 0 0 = 0 

PAI-1 mduction 0 0 0 + 0 

Big-h3 induction. 0 ect 0 t 0 


Expression of TBRI, TBRII as described previously [22] Symbols: low (+), 
moderate (++), high (++) expression by Northern blottmg Growth 
responsiveness to TGF-p1 as described previously [22] Symbols. no TGF- 
B1 responsiveness (0), weak to moderate ( — ) growth mhibition by TGF- 
B1. Induction of PAI-I and fig-h3 mRNA expression was determined by 
Northem blot analysis Symbols no induction (0), moderate to strong 
induction (+) 
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at — 80 °C to Kodak BioMax films with Kodak intensifying 
screens, and the intensity of the radiographic bands was 
quantified by video image analysis, using the Image-Pro 
plus software (Media Cybernetics, Silver Spring, MD, 
USA). To verify equivalent RNA loading on Northem blot 
membranes, filters were rehybridized with the 7S cDNA 
probe, as reported previously [24]. 


2.4. Patients and tissue collection 


Normal pancreatic tissue samples were obtained through 
an organ donor program from 11 individuals who were free 
of any apparent disease. The median age of the organ donors 
was 34.8 years, with a range of 14 to 52 years. Pancreatic 
cancer tissue samples were obtained from 27 pancreatic 
cancer patients (9 female and 18 male, median age 69.6 
years) undergoing pancreatic resection. Freshly removed 
tissue samples were fixed in paraformaldehyde solution 
for 12 to 24 h and paraffin-embedded for in situ hybrid- 


(a) 
CAPAN-1 


0 3 6 24 48 72 





7S 


m 


ization. Tissue samples for RNA extraction were immedi- 
ately snap frozen in liquid nitrogen upon surgical removal in 
the operating room and maintained at — 80 ^C until use. Ail 
studies were approved by the Human Subjects Committee of 
the University of Bern. 


2.5. In situ hybridization 


The tissue sections (4 um) were deparaffinized, dehy- 
drated, and incubated in 0.2 M HCI for 20 min. The sections 
were treated with proteinase K (50 jig/ml) for 15 min at 37 
°C. Following post-fixation with 4% paraformaldehyde in 
phosphate-buffered saline (PBS) for 5 min, the samples 
were prehybridized at 60 °C for 2 h in 5095 formamide (v/ 
v) 4 X SSC,2 x Denhardt's solution and 250 ug/ml RNA. 
Hybridization was performed overnight at 60 ^C in 50% (v/ 
v) formamide, 4 x SSC, 2 x Denhardt’s solution, 500 ug/ 
ml RNA and 10% dextran sulfate (w/v). The final concen- 
trations of the digoxigenin-labeled probes were approxi- 
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Fig. 1. (a) Effects of TGF-B1 on PAI-1 and fig-A3 levels. Cells were serum-starved for 12 h and incubated in the absence (0 h) or presence of 1 nM TGF-p1 for 
the indicated time. Northern blot analysis of total RNA (20 ug/sample) was performed with **P-labeled PAI-1. Big-h3 and 7S cDNA probes. (b) Bar graph of 


two experiments. The ODgi¢.,;/OD75 and ODpa;.,/OD-5 at 0 h were set to 1. 
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mately 6.5 ng/ul. After hybridization, the sections were 
washed and treated with RNase. The samples we»e then 
incubated with an anti-digoxigenin antibody conaigated 
with alkaline phosphatase (1:500). For color reacton, 5- 
bromo-4-chloro-3-indolyl phosphate and nitro-blue-tetrazo- 
lum (Sigma, Buchs, Switzerland) were used. For :ontrol 
experiments, the slides were incubated with RNase or with 
the corresponding sense probes. Pretreatment of the slides 
with RNase abolished the hybridization signals produced by 
the antisense probe. Furthermore, incubation with th: sense 
probe failed to produce specific in situ hybridization signals. 


3. Results and discussion 


Cultured pancreatic cancer cell lines are usuallv resistant 
to the growth inhibitory effects mediated by T3F-pl 
[22.25]. In the present study, we utilized five parcreatic 
cancer cell lines (ASPC-1, CAPAN-1, MIA-PaCa-2, ?^ANC- 
1, and T3M4) to assess whether TGF-pBl induces Pig-h3 
expression in these cells (Table 1). We have previously 
shown that of those five pancreatic cancer cell lines, only 
PANC-1 is growth inhibited by TGF-p1, and that this cell 
line expresses TERI and TBRII and possesses a iormal 
Smad4 gene [22,26]. ASPC-1 and CAPAN-I cels are 
resistant towards the growth inhibitory effects of TGF-p1 
due to Smad4 mutations [26], T3M4 cells are resistant 
because they underexpress TBRI [21], whereas MIA- 
PaCa-2 cells are resistant due to loss of TBRII exp'ession 
[27]. In agreement with previous observations, we could 
demonstrate that TGF-B1 induced PAI-1 in a time-depend- 
ent manner in PANC-1 cells, but not in the other ce lines 
(Fig. 1). TGF-B1 also induced Big-h3 mRNA expression in 
PANC- and CAPAN-1 cells in a time-dependent manner 
(Fig. 1). In contrast, TGF-p1 did not significantly alter fig- 
h3 expression levels in the other three cell lines (data not 
shown). 

The ability of TGF-B1 to induce fig-h3 expreszion in 
CAPAN-1 cells that harbor Smad4 mutations [26] pc ints to 
an Smad4-independent mechanism for this induction. 
Indeed, there is growing evidence that under some drcum- 
stances and in some cells, TGF-p signaling mizht be 
mediated in the absence of wild-type Smad4. Thus, in 
BxPc-3 pancreatic cancer cells, TGF-pl exerts srowth 
inhibitory effects despite the fact that this cell line has a 
deleted Smad4 gene [25]. In addition, in VACO-23* colon 
cells that harbor Smad4 mutations, TGF-p1 is still capable 
of exerting strong growth inhibitory effects [28]. These 
results collectively suggest that there is a non-Smad4- 
dependent pathway for TGF-p-mediated signaling. 

In addition, our results that TGF-pl induces #ig-h3 
expressian but not PAI-1 expression in CAPAN-1, whereas 
in PANC-| TGF-p1 induces the expression of both genes, 
points to a dissociation of the TGF- signaling pathway. 
This observation is in agreement with previous ~eports 
demonstrating that the expression of a truncated Tr RII or 


a mutant TBRI does not attenuate TGF-p1-mediated induc- 
tion of PAI-I, but does render Mv1Lu cells resistant to the 
antiproliferative effects of TGF-pB1 [29]. In addition, tran- 
sient overexpression of a mutated Smad3 protein blocks the 
antiproliferative effects of TGF-B1 in MvlILu cells, while 
still allowing for activation of PAI-I transcription [30]. 
Similarly, in pancreatic cancer cells, overexpression of 
Smad6 or Smad7 renders these cells insensitive to the 
growth inhibitory effects of TGF-B1, while still allowing 
for the induction of PAI-1 [23,24]. Collectively, these data 
suggest that there are divergent pathways of TGF-f signal- 
ing. 

Since we observed TGF-pl-induced fig-h3 expression 
in cultured pancreatic cancer cell lines, we next examined 
whether fig-h3 is expressed in human pancreatic cancers in 
vivo. Therefore, 11 normal human pancreas samples and 27 
human pancreatic cancer samples were investigated by 
Northern blot analysis. The fig-h3 mRNA transcript was 
detected at moderate to strong levels in almost all pancreatic 
cancer samples, but was found at weak levels in normal 
pancreas samples. Densitometirc analysis indicated that 
there was a 32.4-fold increase in fig-h3 mRNA levels in 
pancreatic cancer tissues in comparison to normal controls 
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Fig. 2. Northern blot analysis of fig-h3 mRNA in human pancreatic tissues. 
(a) Total RNA (20 ug) isolated from normal and cancerous pancreases and 
five pancreatic cancer cell lines was subjected to Northern blot analysis and 
probed with the "P labeled fig-h3 cDNA. The blot was subsequently 
rehybridized with a 7S cDNA probe to verify equivalent RNA loading. (b) 
Densitometry of the Northern blots. Relative f/g-h3 mRNA expression was 
calculated as OD, , /OD:« for each sample, and the fold increase over the 
mean in the normal pancreatic tissues was calculated. The mean in the 
normal samples was set to 1. 
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Fig. 3. In situ hybridization of flig-3 mRNA. (A) Normal pancreas: Weak signals were observed in some ductal and acinar cells. (B - D) Pancreatic cancer: 
Weak flig-h3 mRNA signals were present in acinar cells that exhibited chronic pancreatitis-like alterations (B). Bie-h3 mRNA signals were predominantly 


observed in the cytoplasm of cancer cells.(C.D). 


(Fig. 2b). Altogether, 26 of 27 pancreatic cancer samples 
expressed fig-h3 levels that clearly exceeded the mean 
expression level in the normal samples. 

To investigate the exact site of Big-h3 mRNA expression 
in human pancreatic cancer samples, in situ hybridization 
was carried out next. The fig-h3 mRNA in situ hybrid- 
ization signal was intense in the cytoplasm of cancer cells 
(Fig. 3C,D). In contrast, in the normal pancreas, fig-h3 
mRNA signals were weakly present only in a few acinar and 
ductal cells (Fig. 3A,B). Previously, we have shown that 
human pancreatic cancers overexpress all three mammalian 
TGF-p isoforms [17]. Since our cell culture experiments 
indicate that TGF-(31 can up-regulate flig-h3 even in the 
presence of Smad4 mutations, taken together, these obser- 
vations suggest that up-regulation of f/ig-/13 expression in 
vivo may be due, in part, to autocrine and paracrine effects 
of TGF-ps derived from the cancer cells. 

The potential role of Bñig-h3 in pancreatic cancer is not 
known. Since fig-h3 is thought to be involved in cell 
attachment to the ECM, thereby influencing cell adhesion 
[2,31], it is possible that increased levels of fig-h3 in 
pancreatic cancers influence cell adhesion and invasion of 
pancreatic cancer cells in vivo. Although further functional 
studies are required to address this question, the observation 


that fig-h3 is strongly induced by TGF-(31 in some pancre- 
atic cancer cells, irrespective of their Smad4 mutation status, 
and that fig-h3 is overexpressed in pancreatic cancer cells, 
points to a potentially important autocrine loop that has the 
potential to contribute to the pathobiology of this disease. 
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Abstract 


The possibility that some combinations of mtDNA polymorphisms, previously associated with Leber's hereditary optic neuropathy 
(LHON), may affect mitochondrial respiratory function was tested m osteosarcoma-derived transmitochondrial cytoplasmic hybrids 
(cybrids). In this cellular system, 1n the presence of the same nuclear background, different exogenous mtDNAs are used to repopulate a 
parental cell line previously devoid of its original mtDNA. No detectable differences in multiple parameters exploring respiratory function 
were observed when mtDNAs belonging to European haplogroups X, H, T and J were used. Different possible explanations for the 
previously established association between haplogroup J and LHON 11778/ND4 and 14484/ND6 pathogenic mutations are discussed, 


including the unconventional proposal that mtDNA haplogroup J may exert a protective rather than detrimental effect. 


© 2002 Elsevier Science B.V. All rights reserved 
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1. Introduction 


Analysis of human mtDNA variation has identified 
specific combinations of polymorphisms that have been 
used to systematically classify mtDNAs into haplogroups, 
and to study origin, dispersal and evolution of human 
populations [1,2]. Some authors have further suggested 
that certain mtDNA population polymorphisms may interact 
with environmental factors and/or mtDNA pathogenic muta- 
tions, and therefore that mtDNAs belonging to different 
haplogroups could result in mitochondria with differential 
functionality [2]. In this regard, the most debated case is the 
plethora of mtDNA nucleotide changes that have been 
associated with Leber’s hereditary optic neuropathy 
(LHON) [2-10]. Three of these mutations, at positions 
11778/ND4, 3460/ND1 and 14484/ND6, are now unani- 
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mously considered as pathogenic for most of the LHON 
cases worldwide [2,11]. At least five other transitions at 
positions 4216/ND1, 13708/ND5, 15257/cytb, 15812/cytb 
and 4917/ND2, defined as “secondary or intermediate 
mutations” [2], are polymorphisms of European populations 
[12]. Indeed, they occur in specific combinations within 
haplogroups J (4216/ND1, 13708/ND5, and in more recent 
sub-branches 15257/cytb and 15812/cytb) and T (4216/ND1 
and 4917/ND2)[12]. Both haplogroups J and T have 
diverged from a more ancient mtDNA lineage defined by 
the 4216/ND1 change only [12]. These five polymorphisms 
were initially associated with LHON on the basis of their 
more frequent recurrence in LHON pedigrees compared to 
the general population [3—6]. Subsequently, a more rational 
mvestigation was performed to test their association with 
LHON and three laboratories published systematic haplo- 
type and phylogenetic analyses of LHON patients from the 
USA [13], Italy [14] and Germany [15]. These independent 
studies showed a preferential association of the pathogenic 
mutations 11778/ND4 and 14484/ND6 with haplogroup J. 


0925-4439/02/$ - see front matter © 2002 Elsevier Science B V. All nights reserved 
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This association was particularly striking with the 14484/ 
ND6 mutation. On the other hand, LHON pedigrees carrying 
the 3460/ND1 mutation seemed widely distributed among all 
haplogroups [13,14]. The currently favored interpretation is 
that the haplogroup J may lead to increased penetrance of the 
LHON pathogenic mutations 11778/ND4 and 14484/ND6 
[13,14]. A more non-specific effect of the haplogroup J as a 
risk factor for neurodegenerative diseases in general, has also 
been suggested [9]. However, genetic and clinical investiga- 
tions by other authors found no evidence for influence of the 
“secondary mutations”, including those clustered in hap- 
logroups J and T, on the pathogenesis and clinical expression 
of LHON [7,8,10,16]. Intriguingly, haplogroup J may also be 
associated with successful aging, as a recent study carried 
out on Italian centenarians has suggested [17]. Moreover, 
another recent report described the high prevalence of 
haplogroup T in individuals with reduced spermatozoa 
motility and of haplogroup H in those with normal motility 
and these associations correlated with significant differences 
in haplogroup-specific respiratory chain performance [18]. 
In the present study, we used the transmitochondrial 
cytoplasmic hybrid (cybrid) technology [19] to compare, 
in the nuclear background of the osteosarcoma 143B.TK- 
parental cell line, the respiratory chain function of mtDNA- 
less rho? cell lines (206) repopulated with mitochondna 
from control fibroblasts with different mtDNA haplogroups. 


2. Materials and methods 
2.1. Cells 


Fibroblast cell lines have been obtained, after informed 
consent, from skin biopsies of normal subjects. Fibroblast 
cell lines were then enucleated and fused with the mtDNA- 
less 206 rho? cells following the described method [19]. 
Positive mtDNA re-population was identified by picking up 
growing clones (a minimum of four successful clones for 
each fusion) in selective medium: normal DMEM supple- 
mented with 5% dialyzed fetal bovine serum (dFBS) 
(Seromed-Biochrom, Berlin) 0.1 mg/ml bromodeoxyuri- 
dine and no uridine. The re-population of the 206 rho? cells 
with the fibroblast mtDNA was confirmed by screening for 
the diagnostic mutations (Table 1) identified in the mtDNA 
of the fibroblast cell line. The human cell line 143B.TK- 
(obtained from G. Attardi as kind gift), from which the 206 
rho? line was developed [19], was used as control. To ensure 
complete stabilization of mtDNA amount, functional assess- 
ment of selected clones was carried out only after at least 3 
months of clone cycling. 


2.2. High resolution RFLP analysis and haplogroup 
classification of mtDNAs 


To determine high resolution RFLP haplotypes, the entire 
mtDNA from the fibroblast cell lines and the osteosarcoma 


Table 1 
Haplogroup classification of mtDNAs from the osteosarcoma 143B TK- 
parental cell Ime and control fibroblasts 


























Sample Haplogroup RFLP Haplotype*? 
143B TK- X — 1715c; + 14465s, + 15397), +16517e 
PC H — 6920c; —7025a, —14766u; — 16303k 
PS T 342169, * 4914r, * 107270; 

+ 13366m/—13367b/+ 13367), 

+ 156064; —15925:, +16517e 
GA J +4216g; +10394c; —13704t, —16065g 


^ Sites are numbered from the first nucleotide of the recognition 
sequence A “+” indicates the presence ofa restriction site, a “ — ” indicates 
the absence. The explicit indication of the presence/absence of a site 1mplies 
the absence/presence in haplotypes not so designated The restriction 
enzymes used m the analysis are designated by the following single-letter 
codes: a, Alul, b, Avali, c Ddel, e, Haelll, g, Hinfl; 1, Mspl, j, Mbol, k, Rsal; 
m, BamHI, q, Nla; r, Bfal, s, Accl, t, BstOT; u, Msel An oblique separating 
states indicates the simultaneous presence or absence of restriction sites 
that can be correlated with a single nucleotide substitution. 

> Sites diagnostic of haplogroups are underlined 


143B.TK-parental cell line was amplified in nine overlapping 
fragments by the use of PCR and the primer pairs previously 
described [14]. Each of the nine PCR segments was then 
digested with 14 restriction endonucleases (Alul, Avali, 
BamHI, Ddel, Haell, Haelll, Hhal, Hincll, Hinfl, Hpal, 
Mspl, Mbol, Rsal, TagY) (Promega, Madison, WI, USA). In 
addition, mtDNAs were screened for the presence/absence of 
the BstOI site at np 13704, the Accl sites at nps 14465 and 
15254, the Bfal site at np 4914, the Nlalll sites at nps 4216 
and 4577, and the Msel site at 14766. The A — G sequence 
polymorphism at np 12308 in the RNA‘ gene was also 
tested by using a mismatched primer, which generates a Hinfl 
site when the A12308G mutation is present [14]. 


2.3. Oxygen consumption and rotenone sensitivity 


Oxygen consumption was measured in intact cells (sam- 
ples of 5 x 10$ cells in 2 ml of DMEM lacking glucose, 
supplemented with 596 dialyzed FBS at 37 °C) with a YSI 
5300 oxymeter (YSI Instruments, Yellow Springs, OH) 
[19,20]. Each clone was assessed in at least three independent 
experiments, and results are expressed as mean + standard 
deviation. The sensitivity of the lines carrying the different 
haplogroups to the complex I inhibitor rotenone was assessed 
as described [21]. After testing the effects of a wide range of 
rotenone concentrations (5 nM—0.1 mM), we chose the 
concentration range of 5—500 nM for the subsequent experi- 
ments: the cells were treated with different concentrations (5, 
10, 20, 40, 100 and 500 nM) of rotenone for 4 h, then were 
harvested and the endogenous cell respiration was measured 
in whole cells as detailed above. Results are expressed as 
percentage of remaining cell respiration. 


2.4. Growth curves 


Cell growth was assessed in glucose-free/galactose + me- 
dium (Gibco) [22]. Multiple series of 60 mm Petri dishes 
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were seeded each with a constant number of cells (10°) m 
glucose-free/galactose + medium: DMEM with L-glutamine 
without p-glucose, 0.9 mg/ml galactose, 10% dFBS. Dupli- 
cate dishes were trypsinized and counted daily for 7 days. 
Values obtained from fibroblast derived cybrid clones were 
compared to those for the parental 143B.TK-cell line. 
Measurements for each haplogroup were repeated at least 
in quadruplicate, and results are expressed for each time 
point as mean + standard deviation. 


2.5. Enzymatic activities 


Cytochrome c oxidase (COX) and citrate synthase activ- 
ities were assayed spectrophotometrically on freshly har- 
vested and sonicated cells as described elsewhere [20]. COX 
activity was divided by the citrate synthase activity of that 
sample (citrate synthase ratio) to minimize the effects of 


œ 


O, CONSUMPTION (fmol/min/cell) > 


UJ 





variability in mitochondrial mass 1n the various cell culture 
samples. 


2.6. Statistical analysis 


One-way analysis of variance (ANOVA) was used to test 
for statistically significant differences (P<0.05) between 
cybrid cell lines with different mtDNA haplogroups or 
between cybrids and the 143B. TK-parental cell line. 


3. Results 


On the basis of RFLP analysis (Table 1), we selected 
three fibroblast cell lines: one belonging to haplogroup J 
(HGA-haplo J), the second belonging to haplogroup T 
(HPS-haplo T), and the third belonging to haplogroup H 


MEAN MIXED CLONES O, CONSUMPTION 


[L] 143B (haplogroup X) 
E= HPC (haplogroup H) 
HPS (haplogroup T) 
HGA (haplogroup J) 





CYBRID CELL LINES 


CLONAL ANALYSIS OF O, CONSUMPTION 
























O, CONSUMPTION (fmol/min/cell) 
sP 


HPS1 
HPS3 
HPS6 


HGA2 
HGA4 
HGA13 








Fig 1 Oxygen consumption (A) The averaged oxygen consumption of all the clones derived from each of the fibroblast cell lines used as donors of 
mitochondria are compared No differences are observable among the four mtDNA haplogroups investigated (B) Clone by clone analysis reveals certain 
variability m oxygen consumption However, only the haplogroup T clone HPS11 tested significantly reduced at ANOVA 
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(HPC-haplo H), the most common (about 40%) hapbgroup 
in Europe. The RFLP analysis showed that the 14°B.TK- 
parental cell line harbored a mtDNA belonging to hap- 
logroup X. All polymorphisms, including those puatively 
LHON-related, were found to be homoplasmic as ex»ected. 
The three fibroblast-cell lines selected were then wsed to 
construct the cybrid cell lines. Four clones from each cybrid 
cell line were chosen for further investigations (HPCI, 5, 7, 
10; HPS1, 3, 6, 11; HGA1, 2, 4, 13). Each of these clones 
was maintained for several months and haplogroup-specific 
RFLP markers were repeatedly checked to confirm that the 
mitochondrial re-population was with the exoected 
mtDNAs. 

The results of oxygen consumption studies are shown in 
Fig. 1. There were no significant differences in respiratory 
capacity among fibroblast-derived cybrid cell liaes or 
between any of them and the parental 143B.TK-cell line 
(Fig. 1A). Although we observed some interclonal varia- 
bility (Fig. IB), we found no significant differences by 
clone-to-clone comparison, except for one single clome with 
haplogroup T (HPS11, Fig. 2B). The interclonal var-ability 
is a known phenomenon in cybrid studies even in -ontrol 
cell lines. It has been suggested that it probably relates to 
some nuclear variabihty of the recipient 206 rho? cell line, 
and it is not correlated to mtDNA content or growth rate, 
thus does not affect the general interpretation of the mean 
values obtained [22,23]. 

In order to explore even slight differences in complex I 
function that might not be reflected in its specific enzymatic 
activity, as happens for 11778/ND4 and 14484/ND6 LHON 
pathogenic mutations [24,25], we chose to test cybrid 
respiration sensitivity to the complex I specific irhibitor 
rotenone. Treatment of the cybrid cell lines with rctenone 
caused a dose-dependent inhibition of endogenoms cell 


Table 2 
COX activity in cybrid clones 


143B TK- HPC-haploH HPS-haplo T HGA-haplo J 


Cytochrome 098 (025) 099 (0.37) 1 06 (0 46) 1 10 (047) 
c oxidase 











Enzyme activity is expressed as citrate synthase ratio. Values are mean of at 
least three separate experiments t (S D.). 


respiration in all tested lines (Fig. 2). The inhibition was 
slightly more marked in the parental 143B.TK-line (32.6% 
of baseline oxygen consumption with no inhibitor) com- 
pared to the fibroblast derived cybrids (40—4694). There 
was no difference in rotenone sensitivity amongst the 
fibroblast-derived lines carrying the three different hap- 
logroups. These results suggest that complex I function 
was not significantly affected by the different sets of poly- 
morphisms in ND subunits defining the three haplogroups 
here investigated. 

There was also no difference in citrate synthase normal- 
ized COX activity among cybrid clones belonging to the 
various mtDNA haplogroups and between them and the 
parental line 143B.TK (Table 2). COX activity was the only 
respiratory complex previously reported to be clearly 
affected by haplogroup differences [18]. 

In order to disclose more subtle defects of respiratory 
function among the cybrid cell lines under investigation, 
growth experiments were carried out in a glucose-free/ 
galactose medium which is a reliable way of testing the 
respiratory chain-dependent metabolic capacity of cells [22]. 
Cybrid cell growth in glucose free/galactose + medium (Fig. 
3) also failed to show any substantial difference among the 
clones investigated. However, the haplogroup T growth 
capacity was at the lower end of the range. 
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Cee recom: —— 
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[rotenone] 


—@— 143B —9—HPCS ——HPS3 ~S- HGA13 


Fig. 2. Effect of complex I inhibition on endogenous cell respiratt=n- values are expressed as percentage of baseline (no rotenone) cell O; consumption. The 
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4, Discussion 


Our study, using a cybrid cellular model, does not reveal 
any significant overall respiratory defect in both hap- 
logroups J and T cybrids. Few scenarios may be considered. 

The first is that more subtle functional changes are 
induced by specific haplogroups, and these may in turn 
become relevant and observable only through the interaction 
with particular environmental conditions and/or nuclear 
background or tissue-specific nuclear expression. Wallace 
et al. [2] recently speculated that haplogroup J might induce 
a partially uncoupling effect on oxidative phosphorylation. 
This may be difficult to demonstrate using the experimental 
model of cybrid cells. However, others and we have been 
recently able to demonstrate a clear growth impairment, 
using the galactose medium, of cybrid cells harboring each 
of the LHON pathogenic mutations 11778/ND4, 3460/ND1 
and 14484/ND6 [22] (Carelli V, Vergani L, Martinuzzi A, 
unpublished data). A defective oxidative phosphorylation 
has been difficult to demonstrate in LHON-derived cybrid 
cell lines, particularly for the 14484/ND6 mutation that 
showed only 10—15% reduction in respiration rate [26]. 
Thus, growth in galactose medium proved to be sensitive 
enough to unmask the defective phenotype induced by 
LHON pathogenic mutations. 

A. second scenario is that haplogroup J polymorphisms 
are functionally neutral unless the superimposition of a 
LHON pathogenic mutation occurs. In a previous study 
with LHON-derived cybrid cell lines, we showed that clones 
carrying the 11778-haplo J genotype had lower oxygen 
consumption and higher doubling time than those with the 
11778-non J mtDNA [20]. Multiple cybrid cell clones, 
derived from a further individual with the same 11778- 
haplo J mitochondrial genome, are currently under inves- 
tigation and they showed a milder defect, more similar to the 
defects observable in 11778-non J subjects (Carelli V, 
Vergani L, Martinuzzi A, unpublished data). To investigate 
the same issue, Lodi et al. [27] used ?'P MR spectroscopy to 
evaluate muscle and brain respiratory function “in vivo" in 
ten 11778-haplo J and ten 11778-non J individuals. This 
study failed to show any significant differences between the 
two groups, although both were clearly deficient compared 
to controls [27]. Thus, the co-occurrence of haplogroup J 
with the 11778 mutation does not seem to further worsen 
mitochondrial respiratory function in cybrid cell lines or “in 
vivo". However, it must be kept in mind that LHON 
pathology is essentially limited to retinal ganglion cells 
[11] and cybrid cell studies nor *'P MR spectroscopy studies 
of muscle and brain are truly indicative of the affected 
tissue. Thus, although unlikely, it cannot be formally 
excluded that haplogroup-specific differences in mitochon- 
drial respiratory function might be observable only in the 
retinal ganglion cells. 

Only one study of Finnish families systematically com- 
pared LHON sub-classified by haplogroups [28]. No major 
clinical differences were observed between 11778-haplo J 


and 11778-non J individuals, m agreement with other 
studies in different populations [7,16]. However, penetrance 
(males and females combined) was somewhat higher in the 
11778-J families as well as, paradoxically, the frequency of 
visual recovery (see Table 3 in Ref. [28] and Table 7 in Ref. 
[29]). Furthermore, a case of remarkable visual recovery 
was reported in a single Italian patient carrying the 11778- 
haplo J [30]. A higher male penetrance in 11778-haplo J 
families was also reported for the Australian LHON families 
[31]. In our experience, the 11778-haplo J families were 
homoplasmic, larger and with higher penetrance compared 
to the 11778-non J (Carelli V. and Barboni P., unpublished 
data). 

The association of the 14484/ND6 mutation with hap- 
logroup J is even tighter than that of the 11778/ND4 
mutation. To date, there are no comparative studies of 
14484-haplo J versus 14484-non J families. However, the 
visual recovery frequently observed in Europeans with 
14484/ND6 mutation does not seem to be associated with 
haplogroup J. Indeed, the occurrence of 14484/ND6 muta- 
tion in African and Japanese cases is still associated with a 
visual recovery [32,33]. Moreover, the biochemical pheno- 
type induced by the 14484/ND6 mutation was not affected 
by differences in mtDNA background [25]. The European 
cases of LHON with 14484/ND6 mutation are frequently 
represented by large homoplasmic multigenerational pedi- 
grees [11], and in some occasions the association with 
haplogroup J may relate to a common founder as for the 
Canadian families of French ancestry [34]. However, in 
other European populations, haplotype analysis has con- 
firmed multiple independent origins of this mutation 
[13,14]. 

We believe there is need to investigate further the 
Scenarios we outlined. A systematic comparative investiga- 
tion of LHON pedigrees harboring 11778/ND4 and 14484/ 
ND6 mutations associated or not to haplogroup J appears 
necessary to resolve the contradictory and anecdotal obser- 
vations available so far. The comparison should consider 
penetrance and rate of spontaneous visual recovery, espe- 
cially for the 11778-haplo J combination. Moreover, pene- 
trance should be differentially evaluated between males and 
females, since the males are more frequently affected with 
LHON, but penetrance in females, who transmit their 
mtDNA, is the critical parameter for selective pressure and 
persistence of LHON pathogenic mutations in the popula- 
tion. Indeed, it would be important to investigate the 
persistence of LHON mutations in the population in relation 
to mtDNA haplogroups. 

This last point 1s raised because of a third, unconven- 
tional scenario that may be suggested by the recently 
reported association of haplogroup J with successful aging 
[17], and high complex I activity found in spermatozoa with 
this haplogroup (see Fig. 5 m Ref. [18]). If haplogroup J 
exerts a protective rather than detrimental effect, this could 
lead to longer persistence of LHON mutations in the 
population. Interestingly, the highest male/female ratio (7— 
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8:1), an indirect indication of lower penetrance in females, 
was reported for the 14484/ND6 mutation [35—37]. This 
mutation may also be persistent in the population, as shown 
by the French-Canadian families with haplogroup J [34,37]. 
The recognition of the 11778/ND4 and 14484/ND6 LHON 
mutations in association with haplogroup J, according to 
this hypothesis, would be favored compared to the occur- 
rence of these mutations in other background mtDNAs. As a 
consequence, the 11778/ND4-haplo J and 14484/ND6- 
haplo J LHON families should be more frequently large 
and homoplasmic rather than small, heteroplasmic pedigrees 
or sporadic cases. The unexpectedly high percentage of 
sporadic cases reported in some populations for the most 
frequent 11778/ND4 mutation provides a good opportunity 
to test this hypothesis [14,35,36,38]). 
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Abstract 


A rapid, silicone polymer film uptake method was used to determine the cholesterol (Ch) thermodynamic activity (47) in taurocholate (TC)— 
lecithin (L) and taurochenodeoxycholate (TCDC)—L model biles supersaturated with Ch. Also, time-dependent quasielastic light scattering 
(QLS) measurements and microscopic observations were made to determine the nature of particle species and the Ch nucleation times. In all 
cases in which Ch—L vesicles were present, a linear relationship between the logarithm of Ch nucleation times and Ch Ar was found. These 
findings support that Ch A; is the appropriate parameter that represents the Ch nucleation tendency and that vesicles are catalytic sites in the Ch 
nucleation process. When Ca? *, a nucleation promoter 10n, was present in the supersaturated model biles, the creased values of Ch Ay 
quantitatively correlated with shorter Ch nucleation times. These latter findings further demonstrate that Ch Ay 1s the dominant factor in 
explaining the Ch nucleation tendencies in supersaturated model biles. 


© 2002 Elsevier Science B.V. All nghts reserved. 
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1. Introduction 


Early studies have demonstrated that patients with cho- 
lesterol (Ch) gallstones have bile supersaturated with Ch 
and this led to the early viewpoint that the presence of Ch in 
bile in excess of the micellar solubilization capacity would 
lead to the formation of Ch gallstones [1,2]. Previously, the 
Ch saturation index (CST), i.e., the ratio of the Ch concen- 
tration in a bile sample relative to its saturation solubility in 
that sample, was used to compare biles of gallstone patients 
with those of healthy humans [3]. Later, it was found that 
the Ch supersaturated bile was not uncommon 1n healthy 
humans who did not develop Ch gallstones [2]. This 
apparent discrepancy followed by evidence for the presence 
of Ch carriers other than micelles, i.e., Ch—phospholipid 
vesicles, led to the view that these carriers may help 
stabilize bile, which would otherwise be unstable with 
respect to Ch precipitation on the basis of micellar Ch 
solubilization alonz. Subsequently, other factors such as 
the hypomotility of the gallbladder have also been thought 
to be possible triggers for gallstone formation [4—7]. 
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Holan et al. [8,9] introduced the concept of the Ch 
nucleation time in human bile. They defined the Ch nucle- 
ation time as the time required for the first appearance of Ch 
crystals in crystal-free bile. They showed that vesicles in 
healthy biles were stable for many days without Ch nucle- 
ation but, in patients with Ch gallstones, vesicles were found 
to aggregate and nucleation occurred in a few days. Their 
findings suggested that vesicle aggregation is an important 
process in the Ch nucleation and gallstone formation. 
Nevertheless, recent findings have indicated that Ch may 
nucleate in supersaturated bile without prior aggregation and 
fusion of vesicles [10—12]. Therefore, it is important to 
further investigate the role of vesicles and other factors in 
the Ch nucleation process. 

From a thermodynamic standpoint, the driving force for 
Ch nucleation and precipitation in supersaturated bile should 
be the thermodynamic activity (47) of Ch. Lee et al. [13,14] 
described a silicone polymer uptake method for determining 
Ch Aras it pertains to Ch nucleation. This technique required 
equilibration of the silicone polymer with the bile solution 
for 12—24 h and is feasible for the measurement of Ch Ar of 
unsaturated biles. However, in the supersaturated bile, Hal- 
pem et al. [15,16] have shown that the Ch nucleation times 
could potentially be less than 12 h, especially in biles with a 
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high bile salt (BSYlecithin (L) molar ratio. Because nucle- 
ation and crystal growth on the surface of the polymer may 
compromise both the Ch concentration determinations in the 
model bile and the Ch 4r measurements, it was considered 
necessary to improve the silicone polymer uptake method of 
Lee et al. [13,14] to substantially reduce equilibration times. 
Since the transfer of Ch into the silicone polymer was not 
diffusion-controlled in the silicone polymer itself but was 
interface-controlled, changing the thickness of the silicone 
film alone did not result in the desired reduction of equili- 
bration times. Jain et al. [17] attempted to overcome the 
interfacial barrier by making the silicone polymer surface 
positively charged. This modified method was confirmed to 
be both satisfactory and useful in reducing the equilibration 
times to less than 1 h. 

The modified rapid uptake method for Ch Ay determi- 
nation was recently developed [18] to examine the possible 
correlation between the Ar for Ch in Ch-supersaturated BS— 
L solutions and the Ch nucleation times determined by 
quasielastic light scattering (QLS) measurements and by 
microscopic observations as a function of time in these 
solutions. QLS measurements have also provided informa- 
tion on the nature of the particulate species in the Ch 
supersaturated BS-L systems, i.e., whether micelles, 
vesicles and/or Ch crystallites are present. This previous 
investigation was limited to relatively few example experi- 
ments, which basically established that the approach for 
examining the relationship between Ch supersaturation, as 
represented by Ch Ar, and the Ch nucleation time was 
highly promising. In addition, the limited experiments 
mdicated (1) that there was likely a strong correlation 
between Ch Ar and Ch nucleation times and (2) that Ch-L 
vesicles were likely catalytic sites of Ch nucleation. 

The purpose of the present study was to provide a 
quantitative examination of the relationship between Ch 
A1 and Ch nucleation times over a wide range of conditions. 
The studies were to include both taurocholate (TC)-L and 
the taurochenodeoxycholate (TCDC)—L systems. As will be 
seen, results of the present studies together with our pre- 
vious results validate the role of vesicles and the importance 
of the Ch Ar interpretation in the Ch nucleation process. 


2. Materials and methods 
2.1. Materials 


The thin silicone polymer film (Silastic sheeting No. 
500-3) was acquired from Dow Coming Company, Mid- 
land, MI. Prior to use, the thin film was washed with boiling 
95% ethanol for 15 s, followed by a thorough rinse with 
boiling deionized water for a few seconds. Tetradecyldi- 
methyl [3-(trimethoxysilyD-propyl] ammonium chloride 
(TDTOP) was obtained as a 50% methanol solution from 
Petrarch Chemical Company, Bristol, PA. Sodium TC and 
sodium TCDC were purchased from Calbiochem Corpora- 


tion, San Diego, CA. Their purities (> 96%) were checked 
by a thin layer chromatography (TLC) procedure [19]. Egg 
yolk lecithin was purchased from Lipid Products (Surrey, 
UK) and its purity was also checked by TLC [20]. Ch was 
acquired from Sigma Chemical Company (St. Louis, MO) 
and was purified by recrystallization from 95% ethanol three 
times before use. Radioactive Ch monohydrate (ChM) 
crystals were prepared as described previously [21]. Other 
chemicals were analytical grade and were used as received. 


2.2. Pretreatment of the silicone polymer 


The silicone polymer film was pretreated with a cationic 
polymer solution as described earlier [17] so as to incorpo- 
rate a positive charge on the silicone polymer surface. The 
thin silicone polymer film (20 X 1 X 0.0254 cm) was 
placed in a glass vial containing an aliquot of 0.6 ml 50% 
TDTOP diluted with 17.4 ml of methanol. The thin film 
was allowed to soak for 3 h with occasional shaking. At the 
end of 3 h, 2 ml of water was added to make the final 
TDTOP concentration equal to 1.5% and the thin film was 
left in this solution for another 12 h. Finally, the thin film 
was removed and dried overnight in a 37 ?C incubator 
before cutting into 2 X 1 X 0.0254 cm sections and used in 
the uptake studies. 


2.3. Ch Ap measurement 


Basically, the procedures in the present study are quite 
similar to those that have been published [17,18]. The BS— 
L-Ch admixtures were heated at 80 or 90 °C until 1sotropi- 
cally clear and were filtered while still hot. The hot filtrate 
(1.5 ml) and a section of the pretreated thin film were added 
to each sample vial. The thin film was placed in an arched 
position to ensure its complete immersion in the solution. 
After flushing with nitrogen, the vials were tightly capped 
and were shaken on a rotating shaker maintained at 37 ?C. 
At predetermined time intervals ( — 1 h), vials were suc- 
cessively removed and duplicate samples (100 pl) of the 
model bile solution were taken and assayed for Ch concen- 
tration using a scintillation counter (Beckman Instruments, 
Irvine, CA). The thin polymer film was removed from the 
vial and quickly rinsed with three portions (10 ml each) of 
ethanol/water (1:4) mixture. The washed film was trans- 
ferred to a scintillation vial and extracted for a minimum of 
three times with 3 ml portions of ethanol until no further 
radioactivity was observed 1n the final extract. The radio- 
activity from each extract was combined to determine the 
amount (and hence the concentration, Csp) of Ch partitioned 
in the silicone polymer. The Ch Ay value was determined 
( X 10% error) based on the following equation [13,14,17, 
18,21,22]: 


Ch Ar = C, /C;, (1) 


where C, is the C,, value at ChM saturation. 
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2.4. OLS measurement 


Culture tubes (12 X 75 mm, American Scientific Prod- 
ucts, McGaw Park, IL) were soaked in chromic acid over- 
night and then rinsed with distilled deionized water. The 
washed tubes were transferred into an 80 °C oven and dried. 
The procedure used in QLS sample preparation is similar to 
that described above for Ch A; measurement except that 
after the clear solution was filtered at 80 °C, it was collected 
in the cleaned culture tubes and transferred into a 37 °C 
incubator without shaking. 

The procedure used for QLS measurement is simular to 
that described earlier [27]. Briefly, the angle between the 
incident beam and the scattered beam was 90° to minimize 
stray light. A Cooper Laser Sonics (Model 95) argon ion 
laser operated at 514.5 nm wavelength and a temperature- 
controlled water bath maintained at 37 °C were part of the 
light-scattering apparatus. QLS measurements were per- 
formed with a Brookhaven BI-2030, extendable 72-channel, 
multi-bit correlator/computer. The scattered intensity from 
model bile solution was normalized by that from toluene 
(lolo). By analyzing the random fluctuations in scattered 
intensity, the autocorrelation function, ie., the repetitive 
comparisons of the intensity of scattered light from different 
channels was calculated [23,24]. The mean hydrodynamic 
radius (R,) and polydispersity (V) of the different species, 
Le. micelles and vesicles, were determined as described 
previously [18,25—27]. Briefly, three particle populations 
could be identified as follows: (a) those with an Å, value 
between 10 and 55 A were categorized as micelles (including 
both simple and mixed micelles), (b) those with an R, value 
from 150 to 700 A were classified as vesicles, and (c) those 
with an Ñ, value >700-A were characterized as aggregated 
vesicles, multilamellar vesicles or Ch crystallites. 


2.5. Polarizing microscope nucleation time studies 


Nucleation times (crystal observation times) were deter- 
mined by experiments in which crystal (either needle or 
plate) appearance was observed microscopically. In general, 
several (5—10) 4-ml vials containing model bile solution at 
each supersaturation condition were maintained separately 
in an oven at 37 °C. They were successively removed at 


predetermined time intervals (every 3 h for the first day and 
once a day for the remaining days) and the model bile 
solution examined with a polarizing microscope (Nikon, 
Garden City, NY). The sample was placed on a clean flat 
microscope slide covered with a coverglass and observed 
immediately. Photographs were taken in complete extinction 
under crossed Nicols. 


3. Results and discussion 
3.1. Correlation between Ch Ar and Ch nucleation times 


Previous studies [18] showed that nucleation of Ch 
crystallites in a supersaturated model bile may be catalyzed 
by Ch-L vesicles. In addition, QLS and microscopy studies 
suggested that, when vesicles were present, Ch nucleation 
times were an inverse function of Ch Ar; the higher the Ch 
Ar in the system, the shorter the Ch nucleation time [18]. In 
the present study, similar techniques were employed to 
determined Ar of Ch and Ch nucleation times over wide 
ranges of CSI, BS to L molar ratios, and total lipid 
concentrations in supersaturated TC—L and TCDC-L sol- 
utions. Eighteen systems (see Tables 1—4) in which vesicles 
were present were chosen in this study. Data examination 
revealed that the results from these 18 systems conform well 
(R° — 0.972) to the expression: 


Nucleation time (day) = A’ x 1077 4r (2) 


where 4’ —1.56 x 10° day; B— 4.06. 
When the scale of nucleation times is expressed loga- 
rithmically, the above equation can be rearranged as, 


Log (Nucleation Time) = 6.193 — 4.06 x Ch Ar (3) 


Based on Eq. (3) and the experimental measurements of 
the Ch nucleation times and the Ch Ar, the relationship 
between the logarithm of the Ch nucleation times and the Ch 
Ay values can be seen in Fig. 1 as a straight line. The 
number adjacent to each data point in Fig. 1 is the sample 
number from Tables 1—4. Consistent with the R? value of 
0.972, the experimental data are generally quite close to the 


Lipid particles present at the time of Ch Ar measurements and Ch nucleation times determined by QLS and microscopy in TCDC-—L systems supersaturated 








Table 1 

with Ch 

Phase region? Sample number Lipid composition (mM) 

TCDC L Ch 

I 1 440 220 9 65 
I 2 72.9 212 1056 
I 3 72.9 212 1135 
I 4 1119 220 1222 
I (near micellar zone) — 5 729 212 7.66 
I 1119 220 9 64 


? See text for definitions of I and II 


TCDCY/L ratio CSI Ch Ar Particles Ch nucleation times 
2.0 1 82 1 08 Vesicles 79 days 

3.4 1.82 1 36 Vesicles 3 days 

3.4 1.95 1.39 Vesicles 3 days 

5.1 1.94 167 Vesicles 6h 

34 132 1.12 Micelles only >50 days 

5.1 153 1.31 Micelles only >9 days 
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Table 2 

with Ch 

Phase region" Sample number Lipid composition (mM) 
TC L Ch 

I (near micellar zone) 7 729 21.2 619 

I 8 1119 220 7.97 

H 9 440 220 8 85 

II (near D 10 55.0 200 701 

I 11 729 21.2 970 

I 12 800 20.0 10.13 

I 13 72.9 212 12.00 

I 14 111.9 220 12 54 


TC/L ratio CSI Ch Ay Particles Ch nucleation times 
34 1.32 1.15 Micelles only >50 days 

51 1 63 135 Micelles only >50 days 

2.0 2.01 116 Vesicles 37 days 

2.8 156 1.20 Vesicles 23 days 

34 2 06 1.32 Vesicles 6 days 

40 2.15 137 Vesicles 6 days 

34 255 141 Vesicles 4 days 

5.1 2 56 1.67 Vesicles 6h 


° See text for definitions of I and II 


best straight line. It is noteworthy that Eq. (3) well repre- 
sents the data over approximately a 1000-fold range of Ch 
nucleation times and that the experimental data are for both 
the TC-L and the TCDC—L systems. It is also noteworthy 
(see Tables 1—4) that wide ranges of BS—L ratios and total 
lipid concentrations were included in this study. 

The influence of added calcium ions on both Ch A; and 
Ch nucleation times are presented in Table 5 and Fig. 2. All 
four experiments of Table 5 yielded Ch Ar values and 
nucleation times that were in good agreement with Eq. 
(3). In Fig. 2, it is shown how the presence of Ca? ^ changes 
both Ch Ar and the nucleation time; however, all of the data 
pairs remain close to the original correlation line. 


3.2. Ch Ar versus CSI concept 


Although 1t has been recognized for some time that CSI 
may not be a good predictor of Ch supersaturation [4—9,18], 
it is worthwhile to consider the possible correlation (or the 
lack thereof) between CSI and Ch nucleation times with the 
present data. The data of the 18 systems are presented in 
Fig. 3 in a manner similar to that of Fig. 1, i.e., data plotted 
as the logarithm of Ch nucleation time versus CSI. As can 
be seen, the correlation is quite poor. From a statistical 
analysis, the R? value is only 0.145 (compared to 0.972 in 
Fig. 1) 1f a linear relationship is assumed. 

This poor correlation can be understood by an examina- 
tion of Figs. 4 and 5 where plots of Ch Ar versus CSI are 
presented for the TC—L and the TCDC-—L cases, respec- 
tively. First, it can be seen here that, for both the TC—L and 


Table 3 


the TCDC-L cases, Ch Ar and CSI are essentially equal for 
unsaturated and saturated solutions, i.e., when Ch 
Ay = CSI x 1.0. However, for Ch-supersaturated solutions, 
CSI is no longer proportional to Ch Ar and no longer a 
single-valued function of Ch Ar; this is equivalent to 
Henry's law not being obeyed for Ch 47 2 1.0. In physio- 
logical bile, the BS/L molar ratio is in the range from 2.5 to 
3.5 [21], which is well represented in Figs. 4 and 5. From 
this result, it is not surprising that CSI is often found to be a 
poor measure of the Ch nucleation tendency in supersatu- 
rated biles. 


3.3. Role of vesicles as nucleation catalysts 


Evidence from the present study and that from an earlier 
study [18] strongly support vesicles being catalysts for Ch 
nucleation: Ch nucleation times are much shorter when 
vesicles are present. Table 1 shows that, for sample 6, this 
solution without vesicles was stable for more than 9 days 
even though the Ch Ar value (1.31) was nearly the same as 
sample 2, which nucleated 1n 3 days. Also, it is seen from 
Table 2 that sample 8 (Ch Ær ~ 1.35), which did not contain 
vesicles was stable for more than 50 days, while sample 12 
(Ch Ay ~ 1.37) nucleated in 6 days. 

Another aspect of interest here is the evidence from a 
previous study [27] that vesicles may represent only a small 
proportion ( ~ 3%) of the total lipids, although they dominate 
scattered light because of their large sizes. In samples 1—3, 
the hydrodynamic radius of vesicles measured by QLS was 
~ 200—500 À, which is close to the size of vesicles formed in 


Lipid particles present at the time of Ch 4r measurements and Ch nucleation tunes determined by QLS and microscopy in supersaturated TC—L systems of the 


same TC/L molar ratio but different total lipid concentrations 


Phase region" Sample number Lipid composition (mM) 

TC L Ch 
I or I 15 15 5 22 30 
I or II 16 30 10 45 3.0 
Iori 17 60 20 90 30 
lor ll 18 120 40 174 30 


* See text for definitions of I and II 


TC/L ratio 


CSI Chr  Totallpid (g/dl) Particles Ch nucleation times 
20 108 13 Vesicles 92 days 

20 1.15 26 Vesicles 35 days 

20 128 51 Vesicles 8 days 

2.0 139 102 Vesicles — 2 days 
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Table 4 


19 


Lipid particles present at the time of Ch Ay measurements and Ch nucleation times determined by QLS and microscopy 1n supersaturated TC—L (samples 19 


and 20) and TCDC-L (samples 21 and 22) systems 


Phase region? Sample number Lipid composition (mM) BS/L ratio 


BS L Ch 
H (but near 1) 19 910 318 135 29 
I 20 634 10.6 48 60 
I 21 910 318 170 29 
I 22 68.7 10.6 61 65 


* See text for definitions of I and II 


80-32 mM tauroursodeoxycholate (TUDC)-L solutions 
with a Ch concentration of 6.5 mM [27]. Moreover, the total 
scattered light intensity of vesicles with respect to toluene 
(Iso Agi) in samples 1—3 was close to that of the 80-32 mM 
TUDC- L system (300—350). These findings indicate that it 
is likely that vesicles also represent a small proportion of the 
total lipid content in model bile solutions of different total 
lipid concentrations, as reported previously [27]. 


3.4. Influence of lipid concentrations and the question of 
vesicle aggregation in Ch nucleation 


Previous studies [21,28,35,36] have shown that, when 
the BS to L molar ratio of bile is mainly between 2.5 and 
3.5, Ch crystallites nucleate from concentrated gallbladder 
bile (~ 10 g/dl) of gallstone patients much more rapidly 
than from more dilute hepatic bile ( ~ 3 g/dl). A possible 
explanation for this observation has been provided by 
Halpern et al. [9,15] and Strasberg et al. [28,29]: when the 
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Ch Nucleation 
Time (Day) 


01 
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CSI Chr Total pid (g/dl) Particles ¿a Ch nucleation times 
19 1.28 79 Vesicles 289 12 days 

20 151 44 Vesicles 135 1 day 

20 1.55 79 Vesicles 346 12h 

23 1.83 46 Vesicles 105 3h 


14 


total lipid concentration increases, vesicles are in closer 
proximity; this promotes both vesicle aggregation and the 
onset of crystallite nucleation. 

Another explanation can be gleaned from the data of 
Table 3. Here, it is seen that, at constant TC/L molar ratio 
(3:1) and constant CSI ( ~ 2.0), Ch Ar has increased 
significantly (from 1.08 to 1.39) with increasing total lipid 
concentration. This 1s accompanied by a decrease in Ch 
nucleation times from 92 to 2 days. Thus, it can be argued 
that the significant increase m Ch nucleation tendency with 
increasing total lipid concentration is only a result of 
increased Ch supersaturation (1.e., increased Ch Ar). 

While in the foregoing, it has been argued that Ch A+ (and 
the nucleation tendency) may increase with increasing total 
lipids, an opposite outcome can be seen in the results shown 
in Table 4. As seen in Table 4, the experiments with the 
higher total lipid concentrations yielded longer Ch nuclea- 
tion times; but here again, the correlation between Ch 
nucleation times and Ch Ay values was quite good (Fig. 1). 
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Ch Thermodynamic 


Activity (AT) 


Fig 1. Logarithm of Ch nucleation time (day) vs. Ch Ar when vesicles are present. Numbers adjacent to data points are sample numbers from Tables 1—4 Solid 


Ime indicates the best fit line 
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Table 5 

Lipid particles present at the time of Ch Ar measurements and Ch 
nucleation times determined by polanzed microscope in superzaturated 
TC-L (sample 23) and TCDC—L (samples 24—26) systems 


Sample Lipid composition BS/L Ca?* Ch Particles Cà 

number (mM) ratio (mM) Ar nacleation 
BS L Ch times 

23 729 212 97 34 100 163 Vesicles 9h 

24 729 212 114 34 10.0 176 Vesicles 3h 

25 440 220 96 2.0 50 1.35 Vesicles 3 days 

26 440 220 92 2.0 50 1.29 Vesicles 6 days 


3.5. Effect of calcium ions on Ch Ar and Ch nucleaion 


Calcium has been considered among Ch nuc.eation 
pronucleating agents [29—34]. According to the vesicle 
aggregation/fusion hypothesis [37,38], it has been suggested 
that Ca2* may help overcome the repulsion of the polar 
phospholipid head groups on the vesicles and thereb~ assist 
in promoting vesicle aggregation, vesicle fusion and Ch 
nucleation. 

The results of the present study (Fig. 2) have 
demonstrated a pronucleating effect of Ca? * upon :he Ch 
nucleation process. At 5 to 10 mM level of Ca?*, -he Ch 
nucleation times are reduced by a factor of 10 or moce. It is 
quite interesting that the enhanced nucleation appears to be 
entirely associated with the increased thermodynamic activ- 
ity of Ch; there is no evidence of Ca”* influencimg any 
“kinetic” factors involved. There is more discussion later 
on the Ca** effect. 


clearly 
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3.6. A comparison of the present results with the work of 
Wang and Carey [39] 


Wang and Carey, with the earlier work of Konikoff et al. 
[40] as a starting point, conducted a comprehensive study of 
crystallization pathways during Ch precipitation from model 
biles. These investigators observed the appearance of sev- 
eral Ch crystal forms and/or crystal habits in addition to the 
plate-like ChM crystals as functions of time and increasing 
lecithin concentration. The order of appearance of crystals, 
including ChM, varied depending upon the conditions of the 
supersaturated model bile solutions. 

The basic aim and scope of our study have differed 
significantly from those of Wang and Carey and the results 
of their work were not available to us during the exper- 
imental phase of our study. Nonetheless, as there are 
important areas of overlap between the present work and 
that of Wang and Carey, a comparison of the results of the 
two studies should be of interest. 

It is worthwhile to first point out that the aim of the present 
research, as was also our previous study [18], was to test the 
hypothesis that there should be a quantitative relationship 
between Ch nucleation time and Ch Ær. The Ch nucleation 
time was to be determined by both QLS and by microscopic 
observation. Ch Ay was to be determined at a time preceding 
the nucleation event so that no significant supersaturation 
relief would have occurred due to Ch precipitation [18]. Such 
data were to therefore provide unambiguous information for 
determining the relationship between Ch nucleation induc- 
tion time and the driving force for Ch nucleation (i.e., Ch 41). 
The experiments of Wang and Carey generally differed from 
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Ch Thermodynamic 


Activity (AT) 


Fig 2 Influence of Ca** on Ch A; and Ch nucleation times when ~esicles are present. Numbers adjacent to data points are sample numbers from Tables 1—5. 
Solid line indicates the best fit Ime from Fig. 1 Arrows indicate te movement of systems due to presence of Ca?* 
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Fig. 3 Logarithm of Ch nucleation time (day) vs CSI when vesicles are present. Systems are from Tables 1—4. Solid line indicates the best fit line 


ours in that their observations extended far into the crystal- 
lization/precipitation phase of the process, and Ch Ær would 
have been expected to decrease appreciably over the time 
period of the experiments. Another difference between our 
work and that of Wang and Carey is that the present work 
involves mainly Zone I of the equilibrium triangular phase 
diagram for the Ch-BS—L three component system, with a 
few experiments in or in the vicinity of Zone II (see Tables 


2.4 


1—4). Here, the zones are defined as follows. Zone Iis the left 
two-phase zone of the phase diagram containing micelles and 
Ch crystals, Zone II is the central three-phase zone contain- 
ing micelles, vesicles, and Ch crystals, and Zone III would be 
the right two-phase zone containing micelles and vesicles, 
but no crystals. The phase diagrams provided by Cabral and 
Small [41] were used to determine the appropriate zone for 
sample in Tables 1 —4. We conducted no experiments in Zone 





CSI 


Fig. 4 The relationship between Ch Ar and CSI in TC—L system (6) indicates TC-L—111.9—22 mM, TC/L=5 1, (A) indicates TC-L 72 9—-21.2 mM, 
TC/L=3.4, (9) indicates TC-L0—44—22 mM, TC/L=2 0 Arrows indicate visual turbidity at 4 h from silicone polymer uptake study 
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2.4 





CSI 


Fig 5. The relationship between Ch 4r and CSI in TCDC-L system (@) indicates TCDC—L= 111 9-22 mM, TCDC/L=5.1, (A) indicates TCDC—-L=72.9— 
212 mM, TCDC/L 73.4; (4) indicates TCDC-L 7 44—22 mM, TCDC/L=2 0. Arrows indicate visual turbidity at 4 h from silicone polymer uptake study 


III but Wang and Carey carried out representative studies 1n 
all three zones (I, H and IIT) of the equilibrium triangular 
phase diagrams. 


3.6.1. Crystal detection time as a function of the BS/L ratio 

An important result of the Wang and Carey study was the 
finding that the crystal detection time (same as our Ch 
nucleation time) increased with decreasing BS/L ratio over 
the entire range of their studies for both the TCDC-L- Ch 
and the TC—L—Ch systems. This finding is very consistent 
with the results of our present work. As a specific example, 
compare sample 3 and sample 4 of Table 1. Here the CSI 
values are essentially the same (1.95 and 1.94) while the 
TCDC/L ratios are 3.4 and 5.1 for sample 3 and sample 4, 
respectively. The nucleation times are 3 days for sample 3 
and 6 h for sample 4. Another example: compare sample 13 
and 14 of Table 2; again, the CSI values are essentially the 
same; the TC/L ratios are 3.4 and 5.1 while the nucleation 
times are 4 days and 6 h for samples 13 and 14, respectively. 
A generalization of these results can be found by consider- 
ing Fig. 1 together with the results shown in Figs. 4 and 5 
for the TC-L- Ch and the TCDC-L-Ch systems. In both 
Figs. 4 and 5, the L concentration was held relatively 
constant ( ^ 22 mM) while the BS concentration was 
varied. It can be clearly seen that as the BS/L ratio is 
increased, Ch Ær is increased in both systems. Thus, 
together with the plot of Fig. 1, one can see that the increase 
in Ch nucleation time with decreasing BS/L ratio may be 
correlated with the decrease in Ch Ar. 

An important point that now deserves some discussion is 
that Wang and Carey determined crystal detection times for 


both ChM and anhydrous cholesterol (ACh).! In our studies, 
no distinction was made; however, the needle-shaped or the 
conventional plate-like ChM crystals were observed in 
different instances as the carliest microscopic detection of 
crystals in our experiments. Significantly, as mentioned 
earlier, the nucleation times determined by QLS and those 
determined by microscopic observation generally agreed 
quite well in our studies [18]. In the Wang and Carey study, 
while crystal detection times increased with decreasing BS/ 
L ratio for both ACh and ChM crystals, there was a cross- 
over in the data plots for the two crystal forms: for the high 
BS/L ratio region [BS/Lz 7.0], ACh appeared more rapidly 
(by around 1.5 X ) than ChM; for the low BS/L ratio region 
[BS/L $7.0], ChM appeared more rapidly (by ~ 2 X ). It is 
noteworthy that in the Wang and Carey study the crystal 
detection times for ACh and ChM did not differ by more 
than about a factor of 2 over the entire range of study. 
Therefore, in the plot of Fig. 1, where the nucleation times 
are over about a 1000-fold range, the ACh and the ChM 
results could easily have fallen within the data scatter of 
both. Also, as discussed above (see also Figs. 4 and 5), Ch 
Ar would likely have been higher for model biles having 
higher BS/L ratios, it is possible thus factor that may be the 
reason for the ACh crystals appearing earlier than the ChM 


! Citing the work of Konikoff et al. [40], Wang and Carey offer a 
caveat that “the crystals were apparently ACh crystals as revealed by their 
habits, suggestive synchrotron X-ray spacings, and appropriate density. 
Nevertheless, more refined studies have yet to be carried out to conclusively 
prove that ACh and not a new ChM polymorph precipitates from bile under 
these circumstances ” 
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crystals at the high BS/L ratio in the Wang and Carey study. 
We have anecdotally noted m a few limited instances (see, 
for example, Figs. 2 and 3 in Ref. [18]) that, at high Ch Ar, 
needle-shaped crystals appeared before the plate-like crys- 
tals and, at low Ch Ay, only the plate-like Ch could be seen 
during the entire time period of the experiment. We may 
speculate at this point that the kinetics of nucleation may 
favor the appearance of ACh at high A; while both kinetics 
and/or the thermodynamics may favor ChM at low Ar 
values. Future systematic studies should provide clarifica- 
tion of this issue. 


3.6.2. Influence of calcium concentration 

Wang and Carey reported that crystal detection times in 
the presence of added calcium ions were comparable to 
control biles without calcium; however, they systematically 
found that crystal numbers of both ACh and ChM increased 
with increased calcium concentration. Although it is unclear 
why crystal detection times did not correlate with increased 
crystal numbers, the latter suggests increased crystal nucle- 
ation rates with increased calcium concentration; this is in 
good agreement with our results (Fig. 2). The absence of a 
correlation between increased crystal numbers and the 
crystal detection times in the Wang and Carey study remains 
to be clarified. 


3.7. Mechanistic and theoretical aspects of the present 
results 


Jt should be instructive to first review from nucleation 
theory the viewpoint that the results presented in Fig. 1 are 
not consistent with homogeneous nucleation theory but are 
likely in agreement-with heterogeneous nucleation (i.e., 
catalysis by vesicles). From classical homogeneous nuclea- 
tion theory [42], one may write 


InS* = Eu Í (4) 


Here S* is the critical supersaturation below which crystal 
nucleation is very slow and above which nucleation is very 
fast. The critical supersaturation is usually chosen to corre- 
spond to the rate of production of one nucleus per second 
per unit volume of supersaturated solution. The other 
parameters in Eq. (4) are v (molecular volume of Ch), z 
(the Ch crystal solution interfacial tension), KT (the thermal 
energy), and A (the pre-exponential kinetic factor, which, for 
most purposes, is taken to equal — 10? s7! cm 7?). From 
Ch precipitation experiments in 6396 ethanol—water sys- 
tems, Walton [42] deduced an S* value of S* ~ 15 anda c 
value of z ~ 15 ergs/cm?. In their studies on Ch solubiliza- 
tion and precipitation in model bile solutions, Mazer and 
Carey [43] concluded that S* for homogeneous Ch nucle- 
ation in Ch supersaturated in TC (simple micelles only) 
solution was probably S*>6.8, from which these investiga- 
tors deduced c for this system to be 0212.8 ergs/cm? based 


on Eq. (4). Although the 6.8 value has involved some 
assumptions regarding Ch binding to simple TC micelles, 
these appear to be quite reasonable. Mazer and Carey point 
out the consistence of their result with Walton's result. Thus, 
it seems to be very likely Ch homogeneous nucleation 
conditions were being assessed in both instances. From 
this, it seems not unreasonable to believe that, for homoge- 
neous nucleation of Ch in micellar bile salt only systems or 
in ethanol—water systems, a rather high S* would be 
required (i.e., $*2 6.8). It is evident that the modest 
supersaturation range (i.e., the Ch Ay range of 1.1 to 1.85) 
in Fig. 1 is far below the S* values of Walton (for ethanol- 
water systems) and of Mazer and Carey (for TC only 
systems). The data of Fig. 1 would therefore not be 
consistent with homogeneous nucleation and may be best 
explained on the basis of heterogeneous nucleation, i.e., 
nucleation catalyzed by vesicles. 

At this point, it is worthwhile to point out that the 
experimental nucleation time (crystal detection time in the 
Wang and Carey work) can be a function of both nucleation 
kinetics and crystal growth kinetics. When crystal growth 
rates are rapid, the nucleation time can be true measure of 
the inverse of the rate of nucleation. The exponential nature 
of the relationship between nucleation time and Ch Ary (see 
Eq. (2) and Fig. 1) would suggest a nucleation process and 
not simple diffusion-controlled crystal growth (which would 
be expected to follow a first-order dependence upon the 
concentration supersaturation, i.e., the differential between 
solution Ch concentration and Ch solubility). Significant 
contribution from a more complex crystal growth mecha- 
nism involving cooperativity of Ch molecules in the rate- 
determining step (e.g., two-dimensional nucleation con- 
trolled crystal growth), however, cannot be ruled out simply 
because of the exponential dependence. Perhaps the most 
persuasive evidence that crystal growth rates are likely not 
contributing significantly to Ch nucleation times comes 
from the fact that the QLS determined times for the 
“sudden” appearance of large particles (2700 À) are of 
the same magnitude as nucleation times observed micro- 
scopically (the microscopically determined nucleation times 
are only 1.2 to 1.4 times greater [18]). Also, microscopically 
observed crystals are typically in the micron size range. 
Therefore, it seems reasonable to assume relatively rapid 
growth of crystals relative to the Ch nucleation rate for the 
results presented in Fig. 1.. 

We now come to the important question of what is the 
nature of the mechanism of Ch nucleation catalysis by 
vesicles. Here it is helpful to use a scenario presented by 
MacDonald [44] as a starting point. As 4r — 1.0, Ch 
molecules in a phospholipid bilayer will begin to associate 
laterally. The propensity for lateral association and for Ch 
phase separation should increase with increasing Ar. Possi- 
bly, with increasing Ar, Ch may tend to form a relatively rigid 
two-dimensional patch at the bilayer surface. MacDonald 
suggests at this point that, as true nucleation would require 
growth in the third dimension, flat Ch surfaces on adjacent 
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membranes may tend to adhere. Here, Ca** may assist to 
reduce the repulsive electrostatic effects in the adjacent 
regions of the bilayer. The highest probability of this process 
occurring would be in multilamellar liposomes cr with 
aggregated vesicles as the interacting membrane surfaces 
have no chance of being far from each other. This scenario is 
plausible in light of, even at Ar ~ 1.0, the mole fraction of 
Ch in phospholipid bilayers can be as high as ~ 0.50. The 
catalytic effect of vesicles vis-a-vis the homogeneous nucle- 
ation barrier then likely arises from the favorable micro- 
environment provided by the bilayer(s) allowing the 
formation of an incipient crystal (i.e., the critical nacleus) 
with minimum free energy penalty. It would seem reasonable 
to speculate here that, perhaps, the presence of two mem- 
branes might not be necessary. This can arise if the free 
energy increment ingoing from the Ch monolayer patch (the 
embryo crystal in a single bilayer) to the Ch critical nucleus 
remains small; the need for the second membrane can then be 
circumvented. Unfortunately, both experimental and theo- 
retical information is lacking on this issue. 

The final point for discussion is that of the role of calcium 
in Ch nucleation. Ás mentioned earlier, it appears taat the 
enhancement of Ch nucleation by calcium might be 
explained entirely on the basis of thermodynamics, Łe., on 
the basis that the presence of calcium simply moves the 
nucleation time downwards in the plot of Fig. 2, and three 
examples of this are shown. If one wishes to argue that it is 
only such a thermodynamic effect, one then must suggest that 
all kinetic factors must remain unchanged when calcium is 
added to the system. This would mean that the pre-exponen- 
tial factor (not the same, but analogous to 4 in Eq. (4)) would 
remain unchanged. Here the pre-exponential factor ıs related 
to the local interfacial transport of Ch molecules. Addition- 
ally, it would require that calcium may not play a role 
assisting in overcoming the repulsion of polar phospholipid 
head groups at vesicle surfaces (and helping to promote 
vesicle aggregation, vesicle fusion and Ch nucleation). An 
alternate interpretation of the results of Fig. 2 would be that, 
while calcium increase 4r and the reduced Ch nucieation 
time does follow the straight line relationship obeyed by the 
22 BS—L—Ch systems not containing calcium, this may be a 
coincidence arising from compensating cancellaton of 
effects involving the above-mentioned kinetic factors 


4. Conclusions 


In the present investigation, a modified silicone polymer 
film uptake method has been used successfully to measure 
the true Ch supersaturation (Ch Ay) in model biles over a 
wide range of conditions. An important finding of this 
research has been that the Ch nucleation time in super- 
saturated model biles is a single-valued function of the Ch 
Ár over a wide range of conditions. Another important 
finding has been that Ch—L vesicles are catalytic sizes for 
Ch nucleation. 
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Abstract 


“Ecstasy” (3,4-methylenedioxymethamphetamine, MDMA) has been shown to be hepatotoxic for human users, but molecular 
mechanisms involved in this effect remained poorly understood MDMA-induced cell damage is related to programmed cell death in 
serotonergic and dopaminergic neurons. However, until now there has been no evidence of apoptosis induced by MDMA in liver cells. Here 
we demonstrate that exposure to MDMA caused apoptosis of freshly isolated rat hepatocytes and of a cell hne of hepatic stellate cells (HSC), 
as shown by chromatin condensation of the nucle: and accumulation of oligonucleosomal fragments in the cytoplasm. In both cell types, 
apoptosis correlated with decreased levels of bel-x,, release of cytochrome c from the mitochondria and activation of caspase 3 In HSC, but 
not 1n hepatocytes, MDMA induced poly(ADP-ribose)polymerase (PARP) proteolysis. These results suggest that apoptosis of liver cells 


could be involved in the hepatotoxicity of MDMA. 
© 2002 Elsevier Science B.V All nghts reserved. 


Keywords: MDMA, Hepatic stellate cell; Hepatocyte; bcl-2 family protem; Cytochrome c; Caspase 3 





1. Introduction 


3,4-Methylenedioxymethamphetamine (MDMA, “Ecs- 
tasy") is a derivative of amphetamine that has become 
extensively used as a recreational drug. Although MDMA 
has been popularly considered as a safe drug, there are 
increasing evidences of its toxicity. MDMA is neurotoxic 
for serotonergic and dopaminergic neurons and produces a 
decrease of 5-HT transporters [1,2]. Other side-effects of 
MDMA are hyperthermia, rhabdomyolysis and cardiac 
dysrhythmias [3,4]. Severe liver injury and hepatitis in 
the presence or absence of systemic features have also 
been described in MDMA users. MDMA hepatotoxicity is 
idiosyncratic and appears with different intensity, from 
mild hepatitis that resolves spontaneously, to fulminant 
liver failure requiring liver transplant. The latency is also 
variable, raging from days to weeks after the intake [5—9]. 

Programmed cell death 1s probably involved in the neuro- 
toxic effects of MDMA, since MDMA induces apoptosis of 
serotonergic and neocortical neurons [10,11] and immortal- 
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ized neuron cells [12] through regulation of proteins belong- 
ing to the bcl-2 family. However, the underlying mechanisms 
for the toxic effect of MDMA in liver cells are not fully 
established yet. MDMA has been shown to produce a 
decrease in the viability of freshly isolated hepatocytes [13] 
and to induce collagen production in hepatic stellate cells 
(HSC) [14]. To our knowledge, the possibility of MDMA 
exerting an apoptotic effect in liver cells as a mechanism 
involved in liver damage elicited by this drug, has not been 
studied until now. 

In the present study, the ability of MDMA to induce 
programmed cell death of freshly isolated rat hepatocytes 
and a cell line of HSC has been examined. MDMA was found 
to exert a pro-apoptotic effect in both cell types, as demon- 
strated by biochemical and morphological parameters. 


2. Materials and methods 
2.1. Reagents 
MDMA —HCI was a gift from the “Audiencia Provincial 


de Navarra". Tumor necrosis factor œ (TNF-o) was from 
Boehringer Mannheim (Mannheim, Germany); Actinomycin 
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D (ActD) was purchased from Sigma (St. Louis, MO); Ac- 
DEVD-CHO, Hoechst 33342 and camptothecin were from 
Calbiochem (La Jolla, CA). Cell culture reagents were from 
Gibco BRL (Grand Island, NY). Poly(ADP-ribose)polymer- 
ase (PARP), bel-x, polyclonal rabbit and bax monoclonal 
mouse antibodies were from Santa Cruz Biotechnologies 
(Santa Cruz, CA). Cytochrome c monoclonal antibody was 
from BD PharMingen. 


2.2. Cell culture and treatments 


The HSC cell line CFSC-2G [15] was used for some 
experiments. Cells were cultured in minimum essential 
medium (MEM) supplemented with 10% fetal bovine serum 
(FBS) and nonessential amino acids for 36 h; after which the 
medium was replaced with a serum-free medium. Treat- 
ments were carried out 12 h later. 

Freshly isolated hepatocytes were obtained by liver 
collagenase perfusion from male Wistar rats as described 
elsewhere [16]. Isolated hepatocytes were resuspended and 
plated in MEM supplemented with 10% FBS and nones- 
sential amino acids. Four hours after platting the cells the 
medium was replaced by MEM supplemented with 1% 
FBS, and treatments were carried out 12 h later. 

Cells were treated with the indicated concentrations of 
MDMA for 8 or 24 h. In some experiments hepatocytes 
were treated with camptothecin (10 ug/ml) or TNF-a 
(10 ng/ml) for 8 h. Prior to the addition of TNF-o, cells 
were sensitized by a 30-min pre-treatment with ActD 
(15 ng/ml). 


2.3. Nuclear staining 


Cell nuclei were visualized using the DNA-binding 
fluorochrome Hoechst 33342. Cells were fixed with meth- 
anol for 8 min at —20 °C. After washing with PBS, the 
cells were incubated at room temperature for 5 min with 
Hoechst 33342 (0.5 pg/ml), gently washed three times 
with PBS, embedded in glycerol/PBS (1:1) and examined 
under UV light on a fluorescence microscope Labophot-2 
(Nikon). 


2.4. Determination of oligonucleosomal (histone-associ- 
ated) DNA fragments 


The presence of soluble histone-DNA complexes, was 
measured by the Cell Death Detection Assay (Boehringer 
Mannheim). For this assay, HSC were seeded on 24-well 
plates at a density of 80,000 cells/well and hepatocytes in 
35-mm culture dishes at a density of 3 x 10$ cells/dish. In 
some cell cultures Ac-DEVD-CHO (0.1 mM) was added 3 h 
before treating hepatocytes and HSC with 1.0 and 5.0 mM 
MDMA, respectively. Cell death ELISA assays were per- 
formed according to the manufacturer's instructions. Spe- 
cific enrichment of mono- and oligonucleosomes released 
into the cytoplasm (enrichment factor, EF) was calculated as 


the ratio between the absorbance values of the samples 
obtained from treated and control cells. 


2.5. Western blot 


After treatment with MDMA, cells were washed with 
PBS and whole-cell lysates were obtained. Equal amounts 
of protein were size-fractionated by 1096 (PARP) or 12% 
(bcl-x and bax) sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and electrotransfered to nitro- 
cellulose membranes. The membranes were incubated with 
anti-PARP, anti-bcl-x polyclonal rabbit or anti-bax mono- 
clonal mouse antibodies, diluted 1:2000; and for 1 h with 
either anti-rabbit immunoglobulin horseradish peroxidase 
conjugate (Promega, Madison, WJ) or anti-mouse immuno- 
globulin horseradish peroxidase conjugate (Amersham 
Pharmacia Biotech), diluted 1:4000. Bound antibodies were 
detected by enhanced chemiluminiscence autoradiography 
with ECL-Plus (Amersham Pharmacia Biotech). Equivalent 
loading was confirmed by Coomasie staining of an identical 
gel. 

Cytochrome c was analyzed in cytosolic and mitochon- 
drial fractions obtained by differential centrifugation in 250 
mM sucrose buffer as described previously [17]. Five 
micrograms of protein were subjected to 15% SDS-PAGE. 
Membranes were exposed to mouse anti-cytochrome c 
monoclonal antibody at a 1:1000 dilution, followed by 
incubation with anti-mouse immunoglobulin horseradish 
peroxidase conjugate at a 1:2000 dilution. 


2.6. Measurement of caspase 3 activity 


Caspase 3 activity was measured using the Caspase-3/ 
CPP32 Colorimetric Assay Kit (BioVision, Palo Alto, CA, 
USA). Cells (3 x 10° hepatocytes or 2 x 10° HSC) were 
scraped in culture medium, pelleted, resuspended in lysis 
buffer and caspase 3 activity was measured following 
manufacturer’s instructions. 


2.7. Statistical analysis 


The data were analyzed using the Kruskal-Wallis test to 
determine differences between all independent groups. 
When significant differences were obtained (P « 0.05), dif- 
ferences between two groups were tested using the Mann- 
Withney U test. 


3. Results 


3.1. MDMA induces morphological changes and chromatin 
condensation in hepatocytes and HSC 


The morphological effects of MDMA on hepatocytes 
and HSC were first evaluated by light microscopy. 
Hepatocytes exposed to 1.0 mM MDMA showed an 








Fig. |. Morphology of hepatocytes and HSC after treatment with 
MDMA. (A-D) Morphology by light microscopy of control and 
MDMA-treated hepatocytes and HSC. Original magnification x 200 
(E-H) Nuclear staining of hepatocytes and HSC using Hoechst 33342 
Arrowheads point to chromatin condensation and fragmented nuclei in 
MDMA-treated cells. Original magnification x 1000. (A. E) Control 
hepatocytes. (B. F) Hepatocytes incubated for 8 h with 1.0 mM 
MDMA. (C. G) Control HSC. (D. H) HSC incubated for 24 h with 5.0 
mM MDMA 


altered morphology 8 h after treatment. As shown in Fig. 
IB. MDMA-treated hepatocytes presented loss of mem- 
brane differentiations and were highly refringent, as 
compared to untreated cells. HSC required a longer 
treatment (24 h) and a higher dose of MDMA (5.0 
mM) to show morphological modifications. HSC acquired 
a netlike disposition and cells became round-shaped and 
refringent in response to MDMA treatment (Fig. ID). 
The concentrations of MDMA used were similar to those 
described in toxicity studies carried out either in neurons 
or hepatocytes [11,13]. 

In order to visualize the nuclei of the cells, prepara- 
tions of hepatocytes and HSC were subjected to the same 
treatments as above and stained with Hoechst 33342. In 
both cell types. MDMA treatment resulted in chromatin 
condensation and nuclear fragmentation (Fig. IF and H). 
alterations commonly associated with programmed cell 
death [18]. 
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.2. Accumulation of oligonucleosomal fragments in the 


cytoplasm of hepatocytes and HSC in response to MDMA 
treatment 


2 
J 


The cytoplasmic levels of DNA (histone-associated) 
oligonucleosomal fragments in cells treated for 24 h with 
different concentrations of MDMA were determined. The 
presence of these fragments in the cytoplasm reflects the 
extent of DNA fragmentation and nuclear disruption that are 
characteristic of apoptosis [19]. 
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Fig. 2. Determination of oligonucleosomal fragments in cytoplasmic 


extracts from hepatocytes and HSC treated with MDMA. Hepatocytes 
and HSC were treated for 24 h with the indicated concentrations of MDMA 
Oligonucleosomal fragments content was expressed as EF, as described in 
Materials and methods. In some cell cultures Ac-DEVD-CHO was added 
before treating hepatocytes and HSC with 1.0 and 5.0 mM MDMA, 
respectively. Each bar represents the mean+S.D. of quadruplicate 
determinations from at least two independent experiments, (A) EF of 
hepatocytes treated with MDMA ( * P< 0.05, ** P<0.01, *** p< 0.001; a, 
vs. control; b. vs. 1.0 mM MDMA). (B) EF of HSC treated with MDMA 
(*P«0.05, ** P< 0.01; a, vs. control; b, vs. 5.0 mM MDMA) 
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Fig. 3. Western Blot analysis of bel-x, and bax in MDMA-treated 
hepatocytes and HSC. Hepatocytes and HSC were treated for 8 h with the 
indicated concentrations of MDMA. 


As shown in Fig. 2, values of two- to threefold increase 
in the cytoplasmic content of oligonucleosomal fragments 
were obtained in hepatocytes treated with 0.5 and 1.0 mM 
MDMA, and three- to tenfold increase in HSC treated with 
3.0 and 5.0 mM MDMA. In some experiments hepatocytes 
were exposed to higher concentrations of MDMA (3.0 and 
5.0 mM), but despite the fact that chromatin condensation 
and nuclear fragmentation were observed, no significant 
accumulation of oligonucleosomal fragments was detected 
(data not shown). A post-apoptotic necrosis resulting in the 
degradation of the histone- DNA complexes could explain 

The cytoplasmic accumulation of oligonucleosomal frag- 
. ments was diminished in both cell types by pre-treatment 
with the inhibitor of the caspase 3 family Ac-DEVD-CHO 
(Fig. 2), suggesting the involvement of caspases in the clea- 
vage of DNA associated with MDMA-induced apoptosis. 


3.3. Bcl-x; and bax protein levels in hepatocytes and HSC 
treated with MDMA 


Bcl-2 family members are proteins that modulate apop- 
tosis mainly by controlling the release of pro-apoptotic 


factors from the mitochondrial intermembrane to the cyto- 
plasm [20]. These proteins are regulated by different molec- 
ular mechanisms, including changes in protein levels 
through transcriptional and post-transcriptional alterations. 
Since MDMA has been shown to modify mRNA levels of 
bcl-xr and bax in neurons [11], we studied if these proteins 
were as well altered in liver cells exposed to the drug. 

Protein levels of bcl-x;, and bax were analyzed by 
Western blot after treating the cells for 8 h with MDMA 
at the previously tested concentrations (0.5 and 1.0 mM for 
hepatocytes, and 3.0 and 5.0 mM for HSC). The anti- 
apoptotic protein bcl-x, was decreased by MDMA treat- 
ment both in hepatocytes and HSC. However, protein levels 
of bax, a pro-apoptotic member of the bel-2 protein family, 
remained unchanged in both cell types after treatment with 
MDMA (Fig. 3). 


3.4. Cytochrome c release, caspase 3 activity and PARP 
proteolysis in hepatocytes.and HSC treated with MDMA 


Cytochrome c release from the mitochondria has been 
described as a central event in the stress-induced apoptotic 
pathway [21]. Cytochrome c release leads to the activation 
of downstream effector caspases, which cleave a number of 
cellular proteins facilitating DNA fragmentation and cell 
death [22]. We evaluated by Western blot the cytochrome c 
levels in cytoplasmic and mitochondrial extracts obtained 
from hepatocytes and HSC treated for 8 h with MDMA, at 
the concentrations previously indicated. MDMA treatment 
of both cell types resulted in increased cytosolic levels of 
cytochrome c that correlated with decreased levels of the 
protein in the mitochondria (Fig. 4). Since cytochrome c 
release has been related to caspase 3 activation [23], we also 
analyzed the activity of this enzyme in hepatocytes and HSC 
exposed to MDMA as above, to evaluate its involvement in 
MDMA-induced apoptosis. In both cell types, MDMA 
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Fig. 4. Cytochrome c release from the mitochondria in MDMA-treated hepatocytes and HSC. Cells were treated for 8 h with the indicated concentrations of 
MDMA and cytosolic and mitochondrial extracts obtained. Western blot analysis using a monoclonal cytochrome c antibody was performed in extracts from 


hepatocytes (A) or HSC (B). 
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caused a moderate but significant increase in caspase 3 
activity, which was assessed using a commercial co orimet- 
ric kit (Fig. 5). 

PARP degradation by caspases is considered a b-ochem- 
ical marker for the execution phase of the apoptotic 
response [24]. PARP cleavage was evaluated in extracts 
from MDMA-treated cells by the appearance of the 85-kDa 
proteolytic fragment and the disappearance of the | 16-kDa 
intact PARP, both of them recognized by the same antibody. 
As Fig. 6B shows, HSC presented an increased deg-adation 
of PARP in response to treatment with 3.0 and :.0 mM 
MDMA for 8 h. On the contrary, MDMA treatment of 
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Fig. 5. Caspase 3 activity in hepatocytes and HSC treated with MDMA. 
Caspase 3 activity was assessed as described in Materials and methods, 
using 150 ug of protein extracts from hepatocytes (A) or HSC (E }, treated 
with the indicated concentrations of MDMA for 8 h. Activity is referred to 
control, nontreated cells. Each bar represents the mean + S D. of quad- 
ruplicate determinations ( * P< 0.05 vs. control). 


A Hepatocytes 





116 kDa = 
85 kDa = 
B HSC PS 
à pr po 
co yo" yor 


116 kDa me- ws on 





85 kDa == 


Fig. 6. Western Blot analysis of PARP in MDMA-treated hepatocytes and 
HSC. Hepatocytes and HSC were exposed for 8 h to treatment with the 
indicated concentrations of MDMA. Hepatocytes were also treated with 
camptothecin and ActD/TNF-a, as described in Materials and methods. 
Arrows indicate the 116-kDa band (intact PARP) and the 85-kDa band 
(PARP proteolytic fragment) from hepatocytes (A) or HSC (B), treated with 
the indicated apoptotic inducers. 


primary hepatocytes for 8 h did not result in an increased 
degradation of PARP, as compared to samples obtained from 
untreated cells. Two widely used apoptotic inducers, such as 
camptothecin and ActD/TNF-a [25], also failed to enhance 
PARP proteolysis in this cell type (Fig. 6A). 


4. Discussion 


Apoptosis is a highly regulated process involved in an 
array of physiological and pathological responses, including 
cell damage associated with toxic substances, In the liver, 
apoptosis has been shown to be responsible for damage 
induced by endotoxic shock [26], copper accumulation in 
Wilson's disease [27] and hypoxia/reoxigenation injury 
[28]. Since MDMA had been described as a pro-apoptotic 
agent for neurons [10—12], we sought to investigate whether 
apoptosis of liver cells could contribute to the hepatotoxic 
effect of this drug, focussing on two of the cell types present 
in the liver, hepatocytes and HSC. MDMA was found to 
exert a pro-apoptotic effect in both cell types, as determined 
by morphological and biochemical alterations commonly 
associated with programmed cell death, such as chromatin 
condensation of the nuclei and accumulation of oligonu- 
cleosomal fragments in the cytoplasm. The involvement of 
caspases in the fragmentation of DNA induced by MDMA 
was demonstrated by pre-treatment of both cell types with 
the caspase 3 family inhibitor Ac-DEVD-CHO, which 
significantly prevented the cytoplasmic accumulation of 
oligonucleosomal fragments in both cell types. This inhib- 
itory effect could be due to the participation of a caspase- 
activated DNase [29] in the apoptotic action of MDMA. 
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Previous data have shown that p-amphetamine, a drug 
structurally related to MDMA, can increase apoptosis in 
preneoplastic and neoplastic nodules in an animal model for 
hepatocellular carcinoma [30]. However, as the authors 
indicate, in these lesions liver cells are already undergoing 
high constitutive apoptosis as a result of treatment with a 
chemical agent, and are more sensitive to other substances. 
Our data show that MDMA is an apoptotic inducer for 
normal liver cells in the absence of other agents. This fact 
could be related to the increasing reports of severe liver 
damage caused by this particular derivative of amphet- 
amine. 

Proteins belonging to the bcl-2 family seem to play a key 
role in the apoptotic response triggered by derivatives of 
amphetamines. MDMA induces changes in the expression 
of the splice variants of the bcl-x gene in neurons [11], D- 
amphetamine increases basal apoptosis of neoplastic liver 
lesions through dysregulation of bcl-2 family genes [30], 
and an increased expression of bcl-2 can prevent apoptosis 
of immortalized neuron cells induced by methamphetamine 
[12]. Therefore, we sought to investigate whether alterations 
in the expression of members of the bcl-2 family could also 
be involved in the apoptotic effect of MDMA in normal 
liver cells. We found a similar pattern of alterations in the 
proteins obtained either from hepatocytes or HCS treated 
with MDMA. The anti-apoptotic member of the bcl-2 
family, bcl-x;, was diminished in MDMA-treated cells, 
while no changes were elicited by MDMA in the levels of 
the pro-apoptotic protein bax. Similar results have been 
described in neurons exposed to MDMA [11]. The fact that 
MDMA diminished bcl-x;, protein levels pointed out to 
mitochondria as a target for its pro-apoptotic effect, since 
bcl-2 family proteins have been shown to modulate the 
permeabilization of mitochondrial membranes and the sub- 
sequent liberation of pro-apoptotic factors such as cyto- 
chrome c [20]. MDMA treatment caused the release of 
cytochrome c in both cells types, as well as caspase 3 
activation, thus suggesting the sequence of events already 
described for other apoptotic agents: alteration of mitochon- 
drial membranes through changes in bcl-2-like proteins, 
release of cytochrome c and activation of effector caspases. 
The previously reported role of MDMA as an inductor of 
cellular oxidative stress [31], could explain these findings 
because apoptosis caused by redox disruption has been 
shown to happen in many instances through alterations in 
mitochondria [32]. PARP is a common substrate of cas- 
pases, mainly those belonging to caspase 3 family. In HSC, 
apoptosis induced by MDMA was accompanied by PARP 
proteolysis. On the contrary, in primary rat hepatocytes, 
neither MDMA nor other apoptotic agents such as campto- 
thecin and ActD/TNF-a induced the proteolysis of PARP. In 
accordance with these findings, some authors find that 
caspase activation induced by several apoptotic stimuli does 

: not result in proteolysis of PARP in hepatocytes [33,34]. 

We have previously described that exposure of HSC to 

MDMA produces a pro-fibrogenic effect, increasing the 


expression of a1(I) procollagen mRNA [14]. In the present 
study, higher concentrations of the drug that reduced via- 
bility of HSC by inducing programmed cell death were 
used. Therefore, we can deduce from our previous and 
present data that there is a double response of HSC to 
MDMA exposure: induction of either fibrogenesis or pro- 
grammed cell death, depending on the dose of the drug. 
These responses could reflect differences between chronic 
hepatotoxicity or fibrosis and acute liver failure caused by 
MDMA. However, further investigation is required to 
determine the correlation between our results, either in 
hepatocytes or HSC, and the in vivo hepatotoxic action of 
MDMA. The doses of MDMA used in our cell culture 
experiments (0.5 to 5.0 mM) are significantly higher than 
peak plasma levels found in animal models for the neuro- 
toxic effect of MDMA (15 uM) [35], but, to our knowledge, 
plasma levels of MDMA have not been determined in 
animal models for MDMA- induced liver damage, and there- 
fore cannot be properly compared. Interestingly, in the 
aforementioned work MDMA levels in the brain have been 
found to be higher than plasma levels, reaching values of 
0.1—0.25 mM [35]. A similar effect could happen in other 
target organs for MDMA like the liver. The study of the 
mechanisms of hepatotoxicity induced by MDMA, both in 
cellular and animal models, is particularly interesting due to 
the key role played by the liver as the organ responsible for 
detoxification. 
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Abstract 


Telethonin is a 19-kDa sarcomeric protein, localized to the Z-disc of skeletal and cardiac muscles. Mutations in the telethonin gene cause 
limb—girdle muscular dystrophy type 2G (LGMD2G). We investigated the sarcomeric integrity of muscle fibers in LGMD2G patients, 
through double immunofluorescence analysis for telethonin with three sarcomeric proteins: titin, a-actinin-2, and myotilin and observed the 
typical cross striation pattern, suggesting that the Z-line of the sarcomere is apparently preserved, despite the absence of telethonin. 
Ultrastructural analysis confirmed the integrity of the sarcomeric architecture. The possible interaction of telethonin with other proteins 
responsible for several forms of neuromuscular disorders was also analyzed. Telethonin was clearly present in the rods in nemaline myopathy 
(NM) muscle fibers, confirming its localization to the Z-line of the sarcomere. Muscle from patients with absent telethonin showed normal 
expression for the proteins dystrophin, sarcoglycans, dysferlin, and calpain-3. Additionally, telethonin showed normal localization in muscle 
biopsies from patients with LGMD2A, LGMD2B, sarcoglycanopathies, and Duchenne muscular dystrophy (DMD). Therefore. the primary 
deficiency of calpain-3, dysferlin, sarcoglycans, and dystrophin do not seem to alter telethonin expression. 
© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction Six autosomal dominant LGMD forms, designated 


LGMDIA to LGMDIF, were already mapped respectively 


The limb-girdle muscular dystrophies (LGMDs) include 
a heterogeneous group of progressive disorders mainly 
affecting the pelvic and shoulder girdle musculature. The 
inheritance may be autosomal dominant (LGMDI) or 
recessive (LGMD2). Clinically, it ranges from severe forms 
with onset in the first decade and rapid progression, to 
milder forms with _ater onset and slower progression [1,2]. 


` Corresponding author. Tel: —55-11-30917966x226; fax: *55-11- 
30917966x229. 
E-mail address: mvainzof@usp.tr (M. Vainzof). 


at 5022-434 (myotilin) [3,4]. 1g11-21 (lamin A/C [5]. 
3p25 (caveolin-3 [6.7], 6323, 5031, and 7q (neuromuscular 
disorders—gene location, September 2001). At present, nine 
AR forms have been mapped and, with the exception of 
LGMD2H at 9331 -33 [8] and LGMD21I at 19q13.3 [9]. all 
the others have had their protein products identified. Four of 
them, mapped at 17921, 4qi2, 13912, and 5933, encode 
respectively for a-sarcoglycan (a-SG), p-SG, y-SG, and ò- 
SG, which are glycoproteins of the sarcoglycan sub-com- 
plex of the dystrophin- glycoprotein complex (DGC), which 
plays an important role in muscle fiber integrity [10.11]. 


Mutations in these genes cause, respectively, LGMD2C, 2D, 
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2E, and 2F and constitute a distinct subgroup of LGMDs, 
the sarcoglycanopathies [12—23]. The three other identified 
forms are LGMD2B at 2p31, coding for dysferlin [24—26]; 
LGMD2A at 15q15.1, coding for calpain-3 [27-29] and 
LGMD2G at 17g11—12, coding for telethonin [22.23]. In 
addition to the mechanical and structural function of the 
DGC, it has been recently shown that this complex might 
play a role in cellular communication [30] as well as interact 
with the sarcomeric network, through the binding of dys- 
trophin to F-actin [see revision in [31]]. 

Telethonin is a sarcomeric protein of 19 kDa possibly 
localized to the Z-disc of adult striated skeletal and cardiac 
muscles, where it interacts with the protein titin [32]. The 
sarcomere is the unit of skeletal and cardiac muscle con- 
traction. In the past few years, there have been major 
advances in the elucidation of the role of skeletal and 
cardiac muscle proteins, and mutations in several sarcomeric 
proteins such as actin [33], tropomosin 3 and 2 [34,35], 
Troponin T1 [36], and myotilin [4] were shown to cause 
human muscle diseases. 

Recently, we have shown that mutations in the telethonin 
gene cause LGMD2G, a relatively mild form of autosomal 
recessive LGMD, originally mapped in three Brazilian 
families. This was confirmed through immunohistochemis- 
try and Western blot analysis using an anti-telethonin anti- 
body in muscle of affected patients that presented no protein 
expression [22,23]. 

The protein a-actinin is localized in the Z-disk of the 
sarcomere [37], while the recently identified myotilin is a 
57-kDa cytoskeletal protein, with two Ig-like domains 
homologous to titin, which co-localizes with o-actinin in 
the Z-line of the sarcomere [3]. 

Here, we are reporting the results from 


(a) The analysis of the sarcomeric structure of muscle fibers 
in patients with LGMD2G, through double co-local- 
ization immunofluorescence for telethonin with the Z- 
band proteins a-actinin-2 and myotilin, as well as 
through electron microscopy (EM) analysis. 

(b) The possible interaction of telethonin with other proteins 
associated with several forms of AR-LGMD (2A, 2B, 
SGpathies), Duchenne muscular dystrophy (DMD), 
nemaline myopathy (NM), and spinal muscular atrophy 
(SMA). 


2. Patients and methods 
2.1. Patients 


A total of 42 myopathic patients with known mutations 
were included in this investigation: 6 LGMD2G (4 fami- 
lies), 9 LGMD2A, 14 LGMD2B, 2 LGMD2C, 3 LGMD2D, 
2 LGMD2E, | LGMD2F, 3 DMD, and 2 NM. One of the 
LGMD2G patients was identified through telethonin analy- 
sis in a sample of 48 patients: 35 still unclassified LGMD 
patients and 13 with clinical diagnosis of Kugelberg-- 
Welander SMA. Telethonin was also studied in 2 muscle 
samples from patients with known mutations in the SMA 
gene, for analysis of muscle under denervation. 

The diagnosis of the patients was established through 
clinical examination and course of the disease, family 
history, serum creatine-kinase levels [3], DNA analysis 
(linkage or screening for mutations), and/or protein studies 
on muscle biopsies (dystrophin, the four sarcoglycans, 
calpain-3, dysferlin, and telethonin). 


2.2. Muscle biopsies 


Muscle samples were obtained from bicep biopsies (for 
diagnostic purposes or after informed consent) frozen in 
liquid nitrogen immediately after removal and stored at — 70 
°C until use. Routine histological and histochemical proce- 
dures were done, with staining for HE, modified Gomori 
trichrome, NADH, ATPase 9.4, 4.3, and acid and alkaline 
phosphatase [38]. One female patient (Table 1, 42) under- 
went two muscle biopsies within a 10 year interval. 

The fiber typing was determined by counting 300—500 
fibers from each patient in ATPase 9.4 and 4.3 reactions, 
and by calculating the percentage of type I and type II 
fibers. 


2.3. Protein analyses 


Mouse anti-telethonin antibody was raised against a 
recombinant fragment of telethonin consisting of 128 C- 
terminus amino acids [39]. Additional antibodies used were: 
mouse anti-titin (Novacastra and Sigma), rabbit a-actinin-2 
[37], rabbit myotilin antibody [4], rabbit polyclonal N- 
terminal 303-8 for dystrophin (kindly provided by J. Cham- 











Table 1 

Clinical and molecular data of the LGMD2G patients at time of biopsy 

Patients Family Age CK Clinical stage Pattern of weakness Mutation 

(biopsy number) (fold 1) (maximal motor ability) (proximal/distal) (telethonin gene) 
] (206) I male 17 13 walks, climbs stairs assisted proximal 157C» T/157C>T 
2A (207) (biopsy 1) female 18 6 asymptomatic 157C2TA57C»T 
2B (912) (biopsy 2) female 28 walks, climbs stairs unassisted proximal 

3 (913) 1 female 22 walks, climbs stairs unassisted distal 1]57C>T/157C>T 
4 (201) 2 female 30 15 walks, climbs stairs unassisted proximal 157C>T/157C>T 
5 (208) 3 male 21 3 walks, climbs stairs assisted distal 157C>T/D637GGGG 
6 (927) 4 male 27 20: walks, can not climb stairs distal and proximal 157C>T/157C>T 
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Table 2 

Histological and histochemical data in the 7 studied biopsies, from 6 LGMD2G patients 

Patients Histology 
Size Connective Central Spliting 
variation tissue nuclei 

l +++ + ++ 

2A ++ 0 + + 

2B ++ + + + 

3 +4 0 : 0 

4 +++ +++ 

5 Ae de + + +++ 

6 ++ 0 + 


ATPase 

Hyaline Macrophagic Rimmed Type Ll Atrophy 
fibres fibres vacuoles (%) 

0 2/500 1/500 55/45 type | 
0 2/200 0 52/48 type | 
0 2/200 0 62/38 type | 
0 1/500 3/500 80/20 type | 
0 0 8/500 66 34 type | 
1/250 5/250 10/80 44/56 type | 
1/300 3/500 0 12/88 type Il 





berlain) and C-terminal monoclonal Dy8/6C5 for dystrophin 
(kindly provided by L.V.B. Anderson), monoclonal anti- 
bodies for sarcoglycans (described in Ref. [40]), calpain-3 
[41], and dysferlin [42]. 

Immunohistochemical staining of frozen sections was 
performed using double labeling reactions for a-actinin-2 
and telethonin, titin or myotilin and analyzed by fluores- 
cence or confocal microscopy (IBUSP), as described pre- 
viously [43]. Secondary antibodies were FITC-labeled anti- 
rabbit and CY3-conjugated anti mouse (Sigma). 

Western blot analysis was performed using 6% or 13% 
SDS-PAGE gels, and then proteins were transferred at 150 
V for 1 h [44]. The blots were reacted with antibodies to 
telethonin or a mix of dystrophin, dysferlin, and calpain-3. 
The incubations with primary antibodies were done over- 
night, and the detection was done using alkaline phospha- 
tase-conjugated second antibody. 


3. Results 
3.1. LGMD2G patients 


The results of the clinical and histological analysis done 
in the six LGMD2G patients are described in Table 1. With 


ATPase 9.4 


HE 


Fig. 1. Histological analysis (Hematoxilin & Eosin staining) and histochemical analysis (ATPase 9.4) in the 6 LGMD2G patients. Magnification: HE 


ATPase x 100. 








exception of patient 5, who is a compound heterozygote 
(157C>T/A637GG), the others have the same homozygous 
157C>T missense mutation, which creates a premature stop 
codon (Q53X) in the telethonin gene. 


3.1.1. Histological analysis 

Histological analysis showed a dystrophic pattern of 
muscle degeneration in all six patients, including fiber size 
variation, slight degree of connective tissue infiltration, 
presence of high number of internally localized nuclei, 
splitting, and a variable degree of rimmed vacuoles (Table 
2 and Fig. 1). Only one patient (927) showed the presence of 
spread ghost fibers (see HE in Fig. 4). 

Histochemical analysis revealed the presence of a mosaic 
pattern of type I/II fibers, with a type I predominance in two 
patients (#3 and 4) and type II predominance in patient 6 
Small groups of fibers from the same type were observed in 
three patients (#1, 2, 5), a type I fiber atrophy in five patients 
(#1—5), while patient 6 showed type II atrophy (Table 2). 

Patient #2, underwent a second muscle biopsy after 10 
years, and the same anatomopathological alterations, with 
a very similar degree of muscle degeneration, were seen 
in both samples. The only observed difference was in 
type I/II fiber proportions, with an increase in type | 
predominance. 
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Fig 


Immunolluorescence analysis using ant-telethonin antisodies in 


LGMD2G patients, as compared to a normal control. Magnification: x 400 
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Fig. 3, (A) Double immunofluorescence for a-actinin-2 and telethonin in a 
normal control and in one LGMD2G patient (#2); (B) double IF for myo- 
tilin and telethonin, and the homogeneous reaction for titin (sigma anti- 
body): (C) EM of the same sample of muscle, showing the maint -nance of 


the sarcomeric structure ( x 40,000) 
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Fig. 4. Double immunofluorescence of «-actinin-2 and titin (Novacastra 

antibody) in two LGMD2G patients, showing the positive titin pattern with 

a mosaic of type II fibres with higher labeling for titin (magnification 
?00) 


3.1.2. Immunohistochemical analysis 

In normal controls, telethonin immunofluorescence anal- 
ysis showed a strong sarcomeric labeling pattern, with the 
majority of myonuclei also positively labeled (Fig. 2). Both 
type I and type II fibers were equally labeled. 

Muscle from all 6 LGMD2G patients showed a total 
absence of telethonin in the sarcomeric network, but some 
labeling in the nucleus (Fig. 2). Double immunofluores- 
cence analysis for a-actinin 2 and telethonin showed a 
cross-striation pattern in muscle fibers with the first anti- 
body but no labeling with the second one (Fig. 3A). 
Myotilin IF analysis also showed a sarcomeric pattern in 
their muscle fibers (Fig. 3B). 


LGMD-2G 
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Fig. 5. Immunohistochemical analysis for dystrophin and two sarcoglycans, 
as well as multiplex western blot for dystrophin, dysferlin and calpain-3 in 
the LGMD2G patients, showing normal distribution and quantity of the 


proteins 
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Fig. 6. (A) Double Telethonin and c-actinin-2 analysis in patients with other forms of MD (LGMD2B and sarcoglycanopathy 2D), in a patient with nemaline 
myopathy, showing the high concentration of telethonin in the rods, and the normal distribution of telethonin in a SMA patient. (B) Western blot analysis in 


some other forms of LGMD, as compared to control (C) and LGMD2G patients. T = Telethonin; M = myosin content in the ponceau pre-stained blot 


The analysis of titin through two antibodies showed a 
positive IF pattern with both in LGMD2G patients (Fig. 3), 
with a mosaic pattern of more positively labeled type II 
fibers through the antibody from Novacastra (Fig. 4). 

Analysis for sarcolemmal proteins showed normal 
expression of dystrophin, sarcoglycans, dysferlin, and cal- 
pain-3 proteins in the LGMD2G patients (Fig. 5). 


3.1.3. Ultrastructural analysis 

Ultrastructural analysis confirmed the maintenance of the 
sarcomeric architecture integrity in the LGMD2G patients 
(Fig. 3C). 


3.2. Other forms of neuromuscular disorders 


The analysis of telethonin on muscle biopsies from 
patients with LGMD2A, LGMD2B, SGpathies, and DMD 
showed a positive sarcomeric pattern in all and a band of the 
expected MW by Western blot analysis (Fig. 6B). In 
addition, in muscle fibers from patients with NM, telethonin 
was clearly present in the rods while in SMA patients, also a 
normal telethonin IF pattern was observed (Fig. 6A). 


4. Discussion 


Mutations in the telethonin gene are apparently rare. As 
stated in our previous report, although the Brazilian pop- 
ulation is highly miscigenated, an identical haplotype asso- 
ciated with the mutation 157C>T was found in three of the 
four families, suggesting a founder effect [23]. 

Telethonin, which is the 12th most abundant nuclear 
transcript in adult skeletal muscle [39], has been shown to 
be one of the substrates of titin, the giant 3-4 MDa 
sarcomeric protein. Titin acts as a molecular ruler for the 
assembly of the sarcomere by providing spatially defined 
binding sites for other sarcomeric proteins over the entire 
length of the ha f-sarcomere [45]. After its activation 
through phosphorylation and Ca^ '/calmodulin binding, 
titin was shown to phosphorylate the C-terminal domain 


of telethonin [46]. In addition, it was suggested that the N- 
terminal region of titin could adopt a closed conformation, 
which would block the telethonin binding site. In vivo, 
phosphorylation of the multiple serine proline phosophor- 
ylation sites by developmentally controlled kinases could be 
the modulation factor controlling titin—telethonin interac- 
tions [32]. 

Telethonin also has putative phosphorylation sites in its 
C-terminal region [39], and the dual phosphorylation of 
both titin and telethonin might be important in controlling 
the interaction of both proteins. The mutations identified in 
our LGMD2G patients lead to the disruption of this func- 
tionally important region of telethonin [23], resulting in the 
absence of the telethonin protein in muscle fibers from all 
six studied LGMD2G patients. However, titin was clearly 
retained, as observed through the positive pattern on IF. 
Only one titin gene has been identified in the human 
genome. This gene has several isoforms produced by alter- 
native splicing which are responsible for individual diversity 
of distribution in human muscles [47]. Therefore. the 
mosaic pattern of titin observed in our patient with a 
monoclonal titin antibody could reflect the recognition of 
an epitope in the C-terminal region, in a similar way to the 
one seen with myosin isoforms and fiber typing, although 
the possibility that the differential staining could be due to 
the accessibility of the epitopes rather than truly differ- 
entially expressed isoforms cannot be ruled out. 

In cardiac myocytes, it has been shown that both the titin 
Z1-Z2 domains and telethonin (titin-cap) are required for 
the structural integrity of sarcomeres. A severe myofibril 
disruption is observed after over expression of either mol- 
ecule, suggesting that their interaction is critical in titin 
filament-regulated sarcomeric assembly [32]. In our 
LGMD2G patients, immunofluorescence analysis for «- 
actinin-2 and myotilin, two proteins from the Z-disk of 
the sarcomere, showed a cross-striation pattern, suggesting 
that at least part of this myofibrilar structure is retained. 
Ultrastructural analysis confirmed the maintenance of the 
sarcomeric architecture in our telethonin deficient patients. 
These observations suggest that muscle degeneration and 
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weakness in LGMD2G patients with null mutations in the 
telethonin gene are more likely to occur due to a functional 
defect than to an alteration in the sarcomeric structure. On 
the other hand, the presence of rimmed vacuoles in the 
muscle fibers from these patients might be due te focal 
regions of sarcomeric degeneration. 

Mues et al. [45] demonstrated that telethonin localizes to 
the nascent Z-disk in cultured myocytes. Here, the analysis 
of muscle fibers from patients with NM demonstrated that 
telethonin was clearly present in the rods, which are formed 
by proteins from the Z-band of the sarcomere [48]. There- 
fore, the presence of telethonin in the rods as well as its co- 
localization with e-actinin and myotilin confirm the pres- 
ence of telethonin in the Z-disk also in the mature muscle. 

In our previous report, we have shown an identical 
haplotype associated with the mutation 157C>T in three 
of the four LGMD2G families. Families 1 and 2 (Table 2) 
are inbreed and of Negroid descent, while both parents in 
family 3, in which the mutation is in homozygosity, have 
Italian ancestry [23]. Therefore, although these three fami- 
lies apparently have distinct origin, our population is highly 
miscigenated and the finding of a common haplotype in 
them suggests a founder effect in Brazil. 


4.1. Histological characterization of LGMD2G patients 


In the first histopathological description of patients with 
LGMD2G, muscle biopsies showed the presence of a high 
number of rimmed vacuoles [49]. The analysis of four 
additional LGMD2G patients revealed that although present 
in the majority of muscle samples, the rimmed vacuoles 
were not the predominant histopathological marker of this 
disease. A high variability in the degree of muscle degen- 
eration was observed among the six patients, which did not 
appear to be correlated to the clinical course. 

Interestingly, the analysis of a new muscle biopsy sample 
of a female patient who was asymptomatic when the first 
biopsy was taken, but clearly affected 10 years later, showed 
very few pathological alterations, suggesting that no gross 
muscle degeneration occurs with time in telethonin-deficient 
patients. 

Muscle fiber composition showed a variability of fiber 
typing. Five of the patients had a significant type I predom- 
inance, while in one patient, a very high type II predom- 
inance was observed, thus suggesting no direct correlation 
with the primary gene defect. As observed in the present 
patients, small areas of atrophy and fiber type predominance 
are characteristic of denervation. However, this can also be 
the result of the splitting of larger fibers, which is very 
common in the dystrophic process [38]. Therefore, caution 
should be taken in interpreting these type of results. 

The analysis of the amount of the telethonin transcript in 
a number of mice muscles of different types, including 
slow-twitch postural (soleus) and fast-twitch (EDL) 
muscles, showed that there is no statistically different levels 
of expression between muscle of different fiber type com- 


position [50]. In the present study, both type I and type II of 
human mature fibers expressed the same pattern of tele- 
thonin. Therefore, the apparent increase in proportion of 
type I fibers in five of the six patients (and also common in 
congenital myopathies [38]) appears not to be related to a 
preferential expression of telethonin in a specific type of 
fiber. 

On the other hand, in one family, only proximal weak- 
ness occurred, while in three families, both distal and 
proximal involvement were observed. A mixed pattern of 
proximal and distal pattern of weakness may also be present 
in other forms of LGMD, such as the proximal LGMD2B 
and distal Miyoshi Myopathy, both associated with muta- 
tions in the dysferlin gene [25,26]. 


4.2. Denervation 


Mason et al. [50] have shown that the mouse telethonin 
transcript is down-regulated in response to denervation. 
Short-term denervation (2 days) was sufficient to lead to a 
50% fall in the level of telethonin in the muscle of the 
denervated animals, suggesting that innervation and/or mus- 
cular activity was necessary for the maintenance of tele- 
thonin expression. Our analysis of telethonin in muscle 
biopsies from SMA patients (genetically denervated) 
showed a sarcomeric pattern of labeling which did not differ 
from normal controls, suggesting no telethonin alteration in 
these cases. 


4.3. Interactions 


In our first studies, the observation of normal dystrophin 
and a-sarcoglycan staining in the muscle of LGMD2G 
patients [23] would indicate that the product of this gene 
apparently did not interact with the DGC. Here, we confirm 
that muscle from patients with LGMD2G showed normal 
expression of dystrophin, the four sarcoglycans, dysferlin 
and calpain-3. In addition, the analysis of telethonin on 
muscle biopsies from patients with LGMD2A, LGMD2B, 
SGpathies, and DMD showed normal localization, suggest- 
ing that the deficiencies of calpain-3, dysferlin, sarcoglycans, 
and dystrophin do not seem to alter telethonin expression. 


4.4. Differential diagnosis 


Since our LGMD2G patients showed a broad range of 
phenotypes, ranging from Kugelberg- Wellander-like to typ- 
ical LGMD, we screened for telethonin deficiency in muscle 
biopsies from 48 patients with these phenotypes, in an 
attempt to identify additional cases of LGMD2G. One addi- 
tional patient (#5), with a total deficiency of telethonin was 
detected. Complementary DNA studies detected homozygos- 
ity for the 157C>T/157C>T mutation in his telethonin gene. 

In a recent report from our Center, we studied a total of 
153 LGMD families (118 classified and 35 unclassified) by 
DNA and protein analysis [51]. Considering that in four of 
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these families the patients are affected by LGMD2G, the 
frequency of telethonin deficiency is estimated as approx- 
imately 2.5% of all cases of LGMD in our population. 

In conclusion, our data show that muscles from patients 
with LGMD2G have a normal expression for the proteins 
dystrophin, sarcoglycans, dysferlin, calpain-3, and titin, and 
the primary deficiencies of that proteins do not seem to alter 
telethonin expression. The observed maintenance of the 
sarcomeric architecture suggests that the primary absence 
of telethonin apparently has no effect on the formation and 
composition of the sarcomere in the LGMD2G patients. 
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Abstract 


CD23 is atypically highly expressed in various chronic diseases, including B-CLL, lupus erythematodes and rheumatoid arthritis. Its 
expression can be further enhanced by interleukin 4 (IL-4). We have shown before that in B-CLL cells nuclear factor(s) of activated T cells 
(NF-ATs) show permanent nuclear localization and therefore constitutive transcriptional activity. Here we identify CD23b promoter as a 
novel target for NF-AT factors in B-CLL cells. The CD23b promoter contains two NF-AT binding sites to which NF-ATp and NF-ATc factors 
bind with high affinity. Mutations introduced into these sites abolished NF-AT binding and impaired the promoter activity, as did cyclosporin 
A (CsA), an inhibitor of nuclear transport of NF-ATs. Furthermore, we show that IL-4-induced transcription factor STAT6 cooperates with 
NF-ATs in the induction of the CD23b promoter activity. These results show that the CD23b promoter is a target for NF-AT factors and 
suggest that the cooperation between NF-AT and STAT factors might be one of the molecular mechanisms responsible for high-level 


expression of CD23 on the surface of B-CLL cells. 
@ 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


CD23 (also designated as FceRII) is the low affinity 
receptor for IgE, which is expressed on numerous haema- 
topoietic cells including B cells, T cells and monocytes [1]. 
In these cells CD23 mediates a variety of biological activ- 
ities [2,3]. High CD23 expression is a typical property of 
various chronic diseases, such as B-CLL, rheumatoid arthri- 
tis and lupus erythematodes. It is assumed that signalling 
through CD23 contributes to the pathogenesis of these 
diseases [4,5]. 
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CD23 is involved in regulation of IgE synthesis, IgE- 
dependent presentation of antigens to T cells and prolifer- 
ation of myeloid precursors. Two isoforms, CD23a and 
CD23b, are described which differ only in a short amino 
acid sequence at the N-terminus. It was suggested that these 
differences are sufficient to propagate different signals after 
receptor ligation. CD23a is exclusively expressed on B 
cells, whereas CD23b is also expressed on a variety of cells 
of the myeloid lineage after stimulation. CD23a exhibits an 
endocytosis signal that renders it efficient in antigen uptake 
[6]. Ligation of CD23 was shown to trigger nitric oxide 
production and to induce the production of TNFa , cAMP 
and interleukin-10 (1L-10) [7,8]. The anti-apoptotic activity 
of nitric oxide has been discussed as a mechanism contri- 
buting to the prolonged viability of B-CLL cells [9]. 

The expression of the two isoforms is regulated by the 
use of two different promoters and alternative splicing 
events. The CD23b promoter is located between exon H 
and exon Ib (Fig 1A). So far. binding sites for STAT6, 
STAT! and AP-1 family factors have been described to be 
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Fig. 1. NF-ATp and STAT6 collaborate in the induction of the CD23b promoter. (A) Schematic structure of the CD23 gene and localization of the CD23a and b 
promoters (adapted according to Ref. [1]). (B) Sequence of the CE 23b promoter. The sequence motifs for the binding of NF-AT and STAT factors are indicated. 
The transcriptional start sites are marked by arrows. The translaticaal start codon is indicated by +1; exon II sequences are underlined. (Note that the nucleotide 


positions are labelled according to Ref. [1] and refer to the trarslational 
encoding both factors were co-transfected as indicated into Jurkat T cells 


start site). (C) NF-ATp and STAT6 enhance CD23 induction. Expression vectors 
together with luciferase reporter gene constructs under the control of a wild-type 


(CD23b-luci) or a mutated (CD23b,-luci, GG to CC mutations within the NF-AT-I site, positions —-152/—151) CD23b promoter. Five hours later, the cells 
were left uninduced (W/O) or induced by TPA + Ionomycin (T1) ‘or 20 h (left part of the panel). The experiment with the wild-type CD23b-promoter (CD23b- 
luci) was also performed in Jurkat T cells, El-4 and 293 cells in the absence (T/A) or presence of CsA (100 ng/ml; T/I + CsA) (right part of the panel). 


responsible for the transcriptional activity of the CD23b 
promoter [10,11]. 

IL-4 is the most potent inducer of CD23 expression [12]. 
IL-4 is mediating the translocation of the transcripticn factor 
STAT6 to the nucleus where STAT6 binds to the promoters 
of IL-4 responsive genes [13]. In addition to IL-4, mitogens 
such as phorbol-myristate acetate (PMA) also exert a strong 
stimulatory effect on CD23 expression in B-CLL, but only a 
weak one in normal B cells [14,15,16]. IFNy reducss IL-4- 
mediated CD23 expression in normal B cells but at gments 
CD23 expression in B-CLL cells, further empl asizing 
atypical regulation of CD23 expression in B-CLL. This also 
suggests that the IL-4-mediated activation of STATS is not 
the only signalling pathway activating the CD23 promoters 


in these cells. Moreover, B lymphocytes from STAT6- 
deficient mice were still found to express CD23 after 
stimulation with CD40 and IL-4 [17]. The analysis of 
numerous transcription factors, which are highly expressed 
in lymphoid cells, resulted in the detection of constitutive 
activity of several factors in B-CLL cells. Among them was 
NF-ATp, a member of the nuclear factor(s) of activated T 
cells (NF-AT) transcription factor family [18]. 

NF-AT proteins are characterized by a highly conserved 
DNA binding domain of approximately 300 amino acid 
residues and the control of their nuclear transport by 
calcineurin, a Ca ` /calmodulin-dependent protein phospha- 
tase [19,20]. Among the four genuine NF-AT factors, NF- 
ATp and NF-ATc (also designated as NF-AT1 and 2, or NF- 


C. Kneitz et al. / Biochimica et Biophysica Acta 1588 (2002) 41-47 43 


ATc2 and cl, respectively) are highly expressed in periph- 
eral lymphoid cells and known to bind to and control the 
promoters and enhancers of numerous genes. Most prom- 
inent targets for NF-AT factors in T cells are those of 
lymphokine genes IL-2, IL-3, IL-4, IL-5, TNFa and GM- 
CSF. Further targets are the promoters of FasL- and CD40L. 
Consensus sites for NF-AT (+ AP-1) factors were detected 
in a large number of promoters/enhancers controlling the 
expression of genes, which regulate the cell cycle, Ca* 
metabolism and apoptosis of T cells [21]. Although NF- 
ATp and NF-ATc are also highly expressed and induced by 
Ca” signals in B cells, there are only a few published data 
concerning the role of NF-AT factors on particular gene 


expression in B cells and B cell-derived leukemias/lympho- ` 


mas [18,22,23]. 

The constitutive nuclear localization (and supposedly 
transcriptional activity) of NF-ATp in B-CLL cells [18] 
prompted us to investigate whether the CD23 promoters 
are regulated by NF-AT factors in these cells. Inspection of 
the promoter DNA. sequences revealed three putative NF-AT 
binding sites, one within the CD23a promoter and two 
within the CD23b promoter. Whereas DNA/protein binding 
studies specify the CD23a promoter site as a very weak one, 
those from the CD23b promoter are bound by NF-AT 
factors with high affinity. Moreover, we show that in 
transient transfection experiments using NF-ATp and 
STAT6 expression vectors, the induction of the CD23b 
promoter is strongly enhanced after TPA and ionomycin 
. treatment of the cells. While NF-ATp or STAT6 expression 
alone resulted in a moderate 2—5-fold increase of CD23b 
promoter activity, co-expression of both factors led to a 15— 
30-fold increase. This increase was impaired by cyclosporin 
A (CsA), an inhibitor of nuclear translocation of NF-ATs, 
and by the site-specific mutation introduced into these two 
NF-AT sites. These results indicate that CD23b promoter (i) 
is a target for NF-AT factors; (ii) its induction is controlled 
by the concerted action of NF-ATp and STAT6 which both 
bind directly to this promoter with high affinity; and (iii) 
constitutive nuclear localization of NF-AT factors in B-CLL 
cells contributes to the malignant phenotype of B-CLL cells, 
which is characterized by atypically high level of CD23 

expression. 


2. Materials and methods 


2.1. Preparation of B-CLL cells, cultivation and transfection 
of cell lines I 


B-CLL cells were isolated from peripheral blood of 10 
* different untreated patients who gave informed consent. Cell 
surface phenotyping revealed a staining pattern typical for B- 
CLL cells (i.e. CD5*, CD19*, CD23*, CD40*, HLA class II *, 
CD10 and low level expression of light chain restricted 
“surface IgM). B-CLL cells were purified by the centrifugation 
through a.Ficoll-Hypaque gradient at 900 X g. T cells 


were removed by E-rosetting using AET-treated sheep eryth- 
rocytes. The final purity of B-CLL cells was estimated 9994. 
When necessary, B-CLL cells as well as human Jurkat T 
leukemia cell line were cultured in RPMI 1640 medium 
supplemented with 5 mM r-glutamin, 100 U/ml penicillin 
G, 100 pg/ml streptomycin and 5% fetal calf serum (FCS) 
(Gibco). HEK293 cell line was cultured in DMEM medium 
supplemented with 10% FCS. Both Jurkat and HEK293 cells 
were transfected using SuperFect reagent (Qiagen, Germany) 
according to the manufacturer’s protocol. Five hours after 
transfection, the cells were treated with TPA (20 ng/ml) and 
ionomycin (0.5 mM) in the presence or absence of CsA (100 
ng/ml). After 20 h of incubation cellular extracts were 
prepared and luciferase activities determined using a lumin- 
ometer (Berthold). 


2.2. Plasmids 


The CD23b promoter—luciferase reporter construct (Fig. 
1A and B) was created on the basis of plasmid pLuc + vector 
[24]. Point mutations abrogating the binding of NF-AT 
factors were introduced using QuikChange mutagenesis 
system (Stratagene) and following oligonucleotides NF- 
AT-Im (— 160 to — 135): 5'-GAAGGAGTCCAAAATT- 
GAGGGCCCCT-3’, and NF-AT-Il4 (— 251 to — 226): 5- 
TCCCTCTCTGCCAAAGAGG GTGAATT-3’). Mutated 
positions within the underlined ‘core’ sequence are shown 
in bold letters. The sequence of all luciferase reporter 
constructs was confirmed by DNA sequencing. Expression 
vectors for NF-ATp, NF-ATc/A, STATS and a constitutive 
version of STATS (STAT5-CA) have been published pre- 
viously [25,26]. The STAT6 expression vector was kindly 
provided by Dr. E. Pfitzner and contains a full size human 
STAT6 cDNA cloned in vector pXM. - 


2.3. Nuclear extracts and electrophoretic mobility shift 
assays (EMSAs) I ; 


Nuclear protein extracts from B-CLL cells were prepared 
as described [27] with slight modifications. NP40 was 
omitted and nuclei were released by passing the cells five 
times through an injection needle (26g3/8). In EMSAs, 5 ug 
of nuclear proteins was incubated with 40,000 cpm (equiv- 
alent to approximately 0.3 ng) of y P-labelled double- 
stranded -oligonucleotides as probes in the presence of 1 
ug poly(dI-dC) as unspecific competitor and increasing 
amount (12.5—50 ng) of specific competitors, when indi- 
cated. After incubation on ice for 30 min, the samples were 
fractionated on nondenaturing 596 polyacrylamide gels at 15 


: V/cm at room temperature followed by autoradiography. In 


EMSA “super-shift” assays, 1 ug of polyclonal antibodies 
raised against STATS (Santa Cruz, sc-1656X), STAT6 (sc- 


: 981X), NF-ATp (sc-7295X) or NF-ATc (ABR) was added to 


binding reactions. The following double-stranded oligonu- 
cleotides were used as probes: the distal NF-AT site from the 
murine IL-2 promoter: (Pu-bg-IL-2 5'-tcgaCAAAGAG- 
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GAAAATTT GTTTCATACAGAAG-3’); the NF-AT sites 
from the CD23b promoter: (NF-AT-I (— 160 te — 135): 5'- 
tegaGAAGGAGTGGAAAATTGAGGGCCCCT-3’, NF- 
AT-II (— 251 to — 226): S'-tegsaTCCCTCTCTGGAAA- 
GAGGGTGAATT-3’); and NF-AT-like site fram the 
CD23a-promoter (—28 to —9): 5'-tegaTTAGG" CTAT- 
GAAAATAGAAGCTGTC-3’. Small letters indicat» linker 
nucleotides; conserved ‘core’ nucleotides are shown in bold 
letters. 


2.4. DNase I footprint protection assays 


For DNase I footprinting assays, end-labeled DNA 
probes were prepared using ['y-^P]ATP and T4 polyaukleo- 
tide kinase; 10* cpm (ca. 0.2 ng) of labelled DNA fre gments 
was used per binding reaction. Recombinant proteias from 
transformed E. coli BL21-DE bacteria were purifizd over 
Glutathione-Sepharose column (Amersham-Pha-macia) 
according to the specifications of manufacturer. In DNase 
I footprinting reactions, labeled DNA fragments were incu- 
bated for 1 h with increasing amounts (0.25—1.5 pg) of 
glutathione-S-transferase (GST) or GST-NF-ATp fusion 
protein [28] representing the DNA-binding dorain of 
murine NF-ATp. After limited DNase I digestion, the 
samples were purified by organic extraction, DMA was 
precipitated and fractionated on 6% polyacrylamile/7 M 
urea DNA sequencing gels followed by autoradiography. 


3. Results 


The constitutive nuclear residence of NF-ATp in B-CLL 
cells [18] suggested that NF-AT transcription factors might 
exert an important role in the control of genes which are 
highly expressed in B-CLLs, such as CD23. To test this 
hypothesis, we co-transfected luciferase reporter geres con- 
trolled by the CD23a or CD23b promoter (Fig. 12) with 
expression vectors encoding either NF-ATp or NF-ATc/A 
(the most abundant NF-ATc isoform in T effector cells 
[25,29]) into human Jurkat T cells or HEK 293 cells. In 
both cell types, expression of NF-ATp had a weak but 
reproducible stimulatory effect on the CD23b promoter- 
controlled increase of luciferase activity after treatment of 
cells with TPA and ionomycin (T +I) (Fig. 1C. left panel). 
No effect was observed on the CD23a promoter after 
transfection with the NF-ATc/A expression vector (results 
not shown). Since IL-4 is the most potent known incucer of 
CD23 expression and the IL-4-induced factor STATS binds 
to the CD23b promoter [16,11], we tested next "vhether 
STAT6 (or STATS, also induced by IL-4: [30]) is able to 
collaborate with NF-ATp to enhance the induccion of 
CD23b promoter. Indeed, a strong stimulatory effect on 
the TI induction of the CD23b promoter was ooserved 
when NF-ATp was transfected along with vectors eucoding 
either STAT6 (Fig. 1C, left panel) or STATS (data not 
shown). While transfection of vectors expressing either 


NF-ATp or STAT6 resulted in a 2—5-fold induction, co- 
transfection of NF-ATp expression vector together with one 
of the two STAT vectors resulted in a 20—50-fold increase 
of CD23b promoter activity in Jurkat (Fig. 1C) or HEK293 
cells (data not shown). A strong repression of this induction 
was observed when Jurkat cells were induced by T +I in the 
presence of 100 ng/ml CsA, an inhibitor of calcineurin and 
therefore suppressor of nuclear translocation of NF-ATs. A 
similar CsA-mediated repression of NF-ATp + STAT6-medi- 
ated increase of CD23 activity was observed in HEK293 
cells and murine EL-4 thymoma cells (Fig. 1C). This 
indicates that NF-ATp and STAT6 (or STATS) can cooperate 
in the induction of the CD23b promoter. 

Sequence inspection of the CD23b promoter revealed 
several putative NF-AT binding sites. As the first step in 
order to determine whether these sites might interact with NF- 
AT proteins, we tested the binding of bacterially expressed 
GST-NF-ATp fusion protein to the CD23b promoter in 
DNase I footprint protection assays, which identified several 
“would-be” regions of interaction (see Fig. 2). The most 
prominent one harboring the TGGAAAA core sequence 
spans the nucleotides from position — 160 to — 141 and 
was designated as NF-AT-I. A second motif (designated 
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Fig. 2. NF-ATp binds to the CD23b promoter. DNase I footprint protection 
assay. A "P-labelled CD23b promoter probe was incubated with increasing 
amounts (0.25.—1.5 ug) of GST protein (lanes 2*3 and 8+9) or GST- 
NFATp fusion protein (lanes 4—6 and 10-12). Samples were digested by 
DNase I and fractionated on a 6% polyacrylamide sequencing gel. G- 
specific DNA sequencing reactions of the CD23b promoter are shown in 
lanes | and 7. The sequences of the NF-ATp-specific footprints over the 
NF-AT-I and NF-AT-II sites are indicated: the NFAT core sequences are 
shown in boldface letters. 
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as NF-AT-II) bearing a slightly modified version of this 
sequence is located just 10 nucleotides 3' from the known 
STAT 6 binding site. This is reminiscent to the configuration 
of composite NF-AT+AP-1 binding sites, which occur 
approximately 10 times more frequent in promoters of genes 
which are expressed upon T cell activation than in promoters 
active in other tissues [21]. Those have the general structure 
5'-caxwGGAAAawxxxg/a TGAC/GTCAg/tc-3' (where 
capital letters denote highly, lower case letters poorly, con- 
served nucleotides; w=A or T; x=any nucleotide), i.e. the AP- 
| site is located about 10 nucleotides 3^ from the NF-AT 
‘core’ motif as the STAT 6 site in the context of CD23b 
promoter NF-AT-II site (see Fig. 1B). 

DNase I protection assays are performed at relatively 
high concentration of recombinant fusion protein, which 
may manifest significantly relaxed binding requirements in 
comparison to the native transcription factors. Therefore, we 
tested putative NF-AT binding sites in EMSA assays using 
nuclear extracts prepared from B-CLL cells (Fig. 3A). 
Oligonucleotides containing NF-AT-I or NF-AT-II sites 
(see Section 2) were included as competitors in EMSA 
using the high affinity distal NF-AT binding site (Pu-b,-IL- 
2) from the murine IL-2 promoter [31] as a probe. A 10-fold 


A) 


molar excess of NF-AT-I or NF-AT H site was sufficient to 
suppress NF-AT complexes generated with nuclear p 
from B-CLL cells and the distal IL-2 NF-AT site (Fig. 3 
lanes 6-8 and 9—11, respectively). A similar effect was 
detected with a 10-fold molar excess of the unlabelled distal 
IL-2 site but not with a 10- or 100-fold excess of the NF-AT- 
like putative binding site from the CD23a promoter (Fig. 
3A, lanes 3--5). This indicates that NF-AT-I and NF-AT-II 
sites from the CD23b promoter correspond to rather high 
affinity NF-AT binding sites. 

In order to show which NF-AT proteins bind to the 
CD23b promoter in B-CLL cells, we performed EMSA 
supershift assays using the NF-AT sites I and H and nuclear 
proteins from nontreated and T+I-treated B-CLL cells. As 
shown in Fig. 3B (lanes 5-9), incubation of EMSAs with 
antibodies raised against NF-ATp or NF-ATc led to the 
generation of specific ‘supershift’ complexes. This indicates 
that in nuclear protein extracts from B-CLL cells, NF-ATp 
and NF-ATc are prominent proteins binding to the CD23b 
promoter. Next, we investigated whether the binding of NF- 
AT factors to the NF-AT-I and/or NF-AT-I] sites contributes 
to the induction of CD23b promoter activity by NF-ATp and 
STAT6. Introduction of GG to CC mutations into the core 


Puy. SiteA  NF-AT-INF-AT-II 
— 

















Fig. 3. NF-ATp and NF-ATc bind to the NF-AT-I site of the CD23b promoter in nuclear protein extracts from B-CLL cells. (A) EMSA competition assays. Five 
micrograms of nuclear proteins isolated from uninduced B-CLL cells was incubated with the high affinity distal NF-AT binding site (Pu-ban s) from the murine 
IL-2 promoter. For specific competition, a 10-fold molar excess of the cold probe (lane 2), a 10-, 100- or 1000-fold excess of the NF-AT-like site from the 
CD23a promoter (Site A) or of the NF-AT-I and NF-AT-II sites from the CD23b promoter were added. NS. nonspecific complex. (B) EMSA supershift assays. 
In lanes | --4, nuclear proteins from uninduced (lane 1) or IL-4-induced B-CLLs (lanes 2-4) were incubated with a probe of the STATO site; in lanes 5-9, 
nuclear proteins from uinduced (lane 5) or T + induced B-CLLs (lanes 6-9) were incubated with a probe of NF-AT-I site from the CD23b promoter. In 
supershift assays, antibodies raised against STATS (lane 3), STAT6 (lane 4). NF-ATp (lane 7), NF-ATc (lane 8) or both NF-ATs (lane 9) were added. The 
STAT6-specific and the STAT6-supershift complex (S6-SS) are indicated by arrowheads. NF-AT complexes are indicated by a bracket. The filled square 
indicates the NF-ATp supershift complex; asterisks indicate NF-ATc-specific supershift complexes. 
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motifs of NF-AT-I (positions — 152/ — 151) or NF-AT-II 
sites (positions —241/ — 240) completely abolished any 
NF-AT binding and competition with the NF-AT binding 
to Pu-b,-IL-2 probe in EMSAs (data not shown). While the 
NF-AT-H mutation had only marginal effect on the activity 
of CD23b promoter (around 2-fold reduction, data not 
shown), the mutation of NF-AT-I site (positions — 152/ 
— 151, Fig. 1B) exerted deleterious effect on the induction 
of CD23b promoter activity (Fig. 1C, middle panel). In 
particular, the strong increase in constitutive and inducible 
activity of the CD23b promoter mediated through the 
collaboration between NF-ATp and STAT6 factors was 
abolished when a promoter bearing a defective NF-AT-I 
site was used in the transfection assays (Fig. 1C). 

We also tested whether STATS or STAT6 is the most 
prominent STAT factor binding to the CD23b promoter in 
B-CLL cells following IL-4 induction. As shown in Fig. 3B 
(lanes 1—4), incubation with a STAT6, but not with a 
STATS-specific antibody, led to the complete supershift of 
the STAT complex. This indicates that in agreement with our 
former published data, STAT6 is the most prominent STAT 
factor binding to the CD23b promoter after IL-4 treatment 
of B-CLL cells. 


4. Discussion 


There are several T/A GGAA sequence motifs within the 
CD23b promoter to which NF-AT factors appear to bind 
(Fig. 2). We have shown here that NF-AT factors bind to 
two sites of the promoter, i.e. to NF-AT-I and NF-AT-H, with 
high affinity (Fig. 3). Similar to the strong binding of NF- 
AT to composite NF-AT/AP-1 motifs [19], the binding of 
NF-ATs to the composite NF-AT/STAT binding site could 
facilitate NF-AT binding due to a collaboration between 
both factors. While no direct protein-protein interactions 
between NF-AT and AP-1 have been detected in solution, 
AP-1 facilitates the binding of NF-AT to DNA, and numer- 
ous contacts between both factors have been observed when 
they are bound to a composed NF-AT/AP-1 sequence motif 
[32]. In myocytes and cardiomyocytes, NF-AT factors were 
found to bind to and collaborate with MEF2 or GATA-2, 
respectively [33,34]. It is likely that in other cells, such as in 
B-lymphocytes where NF-AT factors are expressed, partners 
other than or in addition to AP-1, GATA-2 and MEF2 
collaborate with NF-AT factors in gene activation. 

We show here that STAT6 cooperates with NF-ATp in 
the activation of the CD23b promoter. Although binding to 
the composite NF-AT-II/STAT motif (— 242/— 218) was an 
attractive explanation for the cooperation between the NF- 
AT and STAT factors, mutations introduced into the NF-AT- 
Il (positions — 241/— 240) site had only marginal effect on 
the activity of a reporter construct. Deleterious effect from 
the mutations at positions — 152/ — 151 indicates that in the 
case of CD23b promoter, the cooperation between the NF- 
AT and STAT factors is mainly going through the separate 


NF-AT-I (— 153/— 148) and STAT (— 226/— 218) binding 
sites (Fig. 1A.B). 

Another promoter that harbors multiple NF-AT and 
STATS/6 binding sites is the inducible NF-ATc promoter, 
which was found to be strongly enhanced by NF-AT and 
STAT6 in co-transfection experiments (Chuvpilo et al., in 
preparation). It remains to be shown how NF-ATp and 
STAT6, whose activities are controlled by different signal- 
ling pathways, collaborate in the control of these (and 
probably further) promoters, and whether this collaboration 
is going through the individual or/and composite NF-AT/ 
STAT binding elements. 

Our data indicate that the CD23b promoter is a target for 
NF-ATp and NF-ATc in B-CLL cells. We expect that this is 
important to understand the molecular basis of B-CLL since 
CD23 has been described to play a significant role in the 
control of B-CLL cell viability. It has been suggested that 
the CD23a and b promoters are differently regulated in B- 
CLL cells. Fournier et al. [15] reported the possibility of a 
selective up-regulation of CD23b isoform by IL-2 and 
IFNo, stimuli which are able to induce B-CLL growth. 
Furthermore, it was suggested that selective increase in the 
expression of the CD23b-isoform might provoke the entry 
of resting (Go) B-CLL cells into the cell cycle [35]. While 
our recent data confirm differences in the regulation of 
CD23 expression between the B-CLL and normal B-cells 
[36], we do not find any evidence indicating differential 
regulation of two isoforms. The ratio between CD23a and 
CD23b stayed between 2:1 and 3:1, regardless of the stimuli 
used. Therefore, we expect that expression of CD23a and 
CD23b isoforms is regulated by different, but coordinated 
pathways. 

In regard to the progression of B-CLL, stimulation of 
membrane-bound CD23 on B-CLL cells up-regulates func- 
tional INOS enzyme, which is able to counteract the normal 
apoptotic process and, therefore, may contribute to the 
malignant phenotype [9,37]. We conclude that the constit- 
utive nuclear expression of NFAT in B-CLL cells leads, in 
concert with STAT factors, to an enhanced activation of the 
CD23b-promoter, increased expression of CD23b isoform 
and therefore, to enhanced viability of these malignant 
cells. 
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Abstract 


Lithocholic acid (LA) conjugates interact with M3 receptors, the muscarinic receptor subtype that modulates colon cancer cell 
proliferation This observation prompted us to examine the action of bile acids on two human colon cancer cell hnes: H508, which expresses 
M3 receptors, and SNU-C4, which does not Cellular proliferation was determined using a colorimetric assay. Interaction with muscarinic 
receptors was determined by measuring inhibition of muscarinic radioligand binding and changes m cellular mositol phosphate (IP) 
formation. Lithocholyltaurine (LCT) caused a dose-dependent increase in H508 cell proliferation that was not observed m SNU-C4 cells. 
After a 6-day incubation with 300 uM LCT, H508 cell proliferation mcreased by 200% compared to control. Moreover, in H508 cells, LCT 
caused a dose-dependent inhibition of radioligand binding and an increase in IP formation. LCT did not alter the rate of apoptosis in H508 or 
SNU-C4 cells These data indicate that, at concentrations achievable in the gut, LA derivatives interact with M3 muscarinic receptors on 
H508 human colon cancer cells, thereby causing an increase m IP formation and cell proliferation. This suggests a mechanism whereby 


alterations in intestinal bile acids may affect the growth of colon cancer cells. 


© 2002 Elsevier Science B.V. All nghts reserved 
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1. Introduction 


In the United States, colorectal cancer is the second most 
common cause of cancer death [1]. Experimental data 
support the concept that most of these cancers arise as a 
consequence of progression from normal colonic mucosa to 
adenomatous polyp to cancer, associated with the accumu- 
lation of somatic genetic alterations [2]. These alterations 
include mutations of both oncogenes and suppressor genes 
[2]. Environmental factors, such as dietary components and 
fecal bile acid concentrations, may play an important 
promoting role in this process [3—6]. 


Abbreviations ACh, acetylcholine; carbachol, carbamylcholine; FBS, 
fetal bovine serum; IP, mositol phosphate; LA, lithocholic acid, DCA, 
deoxycholic acid, LCG, lithocholylglycine; LCT, lithocholyltaurme; MAP 
kinase, mitogen-activated protem kinase; NMS, N-[methyl]scopolamine, S- 
LCT, 3-O-sulfate LCT, SRB, sulforhodamme B 

* Corresponding author. Tel. +1-501-686-6217, fax. +1-501-686-6248 
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Epidemiological studies in humans have associated the 
development of colorectal cancer with elevations in fecal bile 
acid concentration, particularly lithocholic acid (LA) [3—5] 
(although the term bile acid refers to the protonated form and 
bile salt the ionized form of these molecules, in this paper, as 
is common in the literature, these terms will be used inter- 
changeably, and bile salt nomenclature will conform to 
recommendations by Hofmann et al. [7]). It has been reported 
that the ratio of lithocholate to deoxycholate (LA/DCA ratio) 
is 2-fold greater in persons with colon cancer compared to 
controls [8]. There has been a suggestion that by altering the 
delivery of conjugated bile acids to the colon, particularly 
secondary bile acids to the cecum and ascending colon 
(increased LA/DCA ratio), cholecystectomy increases the 
incidence of colon cancer [9—11]. Animal data, particularly 
from rats treated with carcmogens, indicate that direct instil- 
lation, or other means of increasing fecal bile acids, augments 
the development of colon cancer [12—14], and that the timing 
of interventions is important to the outcome [15]. In some 
studies, mucosal toxicity was noted following intrarectal 
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instillation of bile acids. In rats fed LA, the risk of aberrant 
colonic epithelial growth is increased compared to those fed 
deoxycholic acid (DCA) [16]. The major beneficial effects of 
dietary elements like fiber and calcium are thought to result 
from binding of bile acids in the gut lumen, thereby inhibiting 
their damaging effects on epithelial cells and potentiating 
actions on experimental colon cancer [17—19]. Absent from 
this body of largely circumstantial evidence is a defined 
mechanism whereby bile acids promote the development or 
progression of colon cancer. 

Recently, experimental findings in our laboratories sug- 
gested a possible mechanism that explains how bile acids 
might stimulate colon cancer cell proliferation. In the course 
of examining the actions of bile acids on pepsinogen secre- 
tion from gastric chief cells, Raufman et al. [20] reported that 
taurine conjugates of LA, but not other bile acids, bind to 
muscarinic receptors, increase cellular inositol phosphates 
(IP), and stimulate secretion by a cholinergic mechanism. 
Molecular cloning studies revealed the existence of five 
muscarinic receptor genes, designated M1—5 based on their 
order of cloning [21,22]. Because gastric chief cells express 
M3 muscarinic cholinergic receptors [23,24], we concluded 
that these actions were mediated by interaction of lithocho- 
lyltaurine (LCT) with that receptor subtype. These findings 
have been confirmed in preliminary studies using Chinese 
hamster ovary cells transfected with the gene for the M3 
muscarinic receptor [25]. Frucht et al. [26,27] reported that 
several colon cancer cell lines express M3 receptors, and that 
activation of these receptors with cholinergic agonists stim- 
ulates an increase in IPs and cell proliferation. Together, these 
observations suggest the possibility that the proliferative 
effects of fecal bile acids, particularly LA. conjugates, on 
colonic neoplasia are mediated by cholinergic actions. 

In the present study, we tested the hypothesis that 
conjugated derivatives of LA interact with M3 muscarinic 
receptors on colon cancer cells, thereby stimulating prolif- 
eration. The specific aims of this study were to test the 
ability of LA conjugates to bind to M3 receptors on H508 
colon cancer cells, to activate post-receptor signaling mech- 
anisms, and to stimulate cell proliferation. These actions 
were compared to those of known cholinergic agents and to 
the actions of the LCT metabolite, 3-O-sulfate LCT (S- 
LCT). The SNU-C4 colon cancer cell line, which does not 
express muscarinic receptors [27], was used as a control. 
Our results support the hypothesis that chronic exposure of 
colon cancer cells to fecal bile acids may promote growth of 
neoplastic cells by a cholinergic mechanism. 


2. Materials and methods 
2.1. Cell lines and bile acids 
Colon cancer cell lines (H508 and SNU-C4) were avail- 


able in the investigator's laboratories. Cancer cells were 
grown in RPMI 1640 (ATCC) supplemented with 1096 fetal 


bovine serum (FBS) (Biowhittaker). Adherent cultures were 
passaged weekly at subconfluence after trypsinization. Cul- 
tures were maintained in incubators at 37 °C in an atmos- 
phere of 5% CO; and 9596 air. LCT was from Sigma. 
Lithocholylglycine (LCG) was from Steraloids. Stock sol- 
utions of LCT and LCG (100 mM) were prepared using 
DMSO (10096). The highest DMSO concentration in sol- 
utions incubated with cells was 0.696. Carbachol was from 
CalBiochem. All other chemicals were obtained from Sigma 
or Fisher. 


2.2. Cytotoxicity assays 


Potential cytotoxic actions of bile acids and other test 
agents on H508 and SNU-C4 cells were examined by trypan 
blue exclusion. 


2.3. Cell proliferation assay 


Cell proliferation was determined using the sulforhod- 
amine B (SRB) colorimetric assay [28]. Cells were seeded 
in 96-well plates (Corning Glass Works, Corning, NY) at 
approximately 1096 confluence and allowed to attach for 24 
h. The growth medium was removed and fresh medium 
without FBS and containing the indicated concentration of 
test agent was added. Cells were incubated for the described 
period of time at 37 °C in an atmosphere of 5% CO; and 
95% air. After incubation, cells were treated for 30 min with 
0.4% (w/v) SRB dissolved in 1% acetic acid. Protem-bound 
dye was extracted with 10 mM unbuffered Tris base. 
Absorbance was measured at 560 nm using a computer- 
interfaced, 96-well microtiter plate reader. 


2.4. Caspase-3 assay 


Caspase-3 activation is a key step in the regulation of 
apoptosis [29,30]. H508 and SNU-C4 cellular caspase-3 
activity was measured using a kit from Sigma. Cells (2— 
4 X 10? cells/ml) were seeded in T75 flasks. Growth 
medium was removed after 24 h and cells were incubated 
with the indicated agent, containing no added FBS, for 3 or 
6 days at 37 °C in an atmosphere of 596 CO; and 95% air. 
After incubation, cells were washed with PBS and lysed. 
Caspase-3 activity was examined with 96-well plates in 
duplicate for 90 min and absorbance was measured at 405 
nm using a computer-interfaced 96-well microtiter plate 
reader. As a positive control, H508 and SNU-C4 cells were 
incubated with DCA (250 uM) for 1.5 h and 30 min, 
respectively. 


2.5. Radioligand binding 


Binding of radioligand to muscarinic receptors on test 
cell lines was examined using N-[^H-methyl]scopolamme 
CH-NMS, 82 Ci/mmol) (New England Nuclear, Boston, 
MA). The ?H-NMS binding assay was performed as 
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described previously [20]. Cells (28 x 10° cells/ml) were 
incubated for 45 min at 22 °C with 0.6 nM ?H-NMS alone 
or with unlabeled ligands in an incubation solution contain- 
ing 50 mM Tris (pH 7.4), 5 mM MgCl, 130 mM NaCl, 7.7 
mM KCl, 1 mM EGTA, 4 pg/ml leupeptin, 0.1% bacitracin 
and 0.1% BSA. Nonsaturable binding was determined in the 
presence of 10 uM unlabeled NMS and was <20% of total 
binding in all experiments. The reaction was terminated by 
centrifuging 500 ul of cell suspension (10,000 x g) for 7 
min at room temperature. Supernatant (100 ul) was sampled 
for determination of free ligand concentration, and the 
remaining liquid was carefully decanted. The cell pellet 
was washed, drained, and dissolved in 100 pl Soluene 350. 
Ecoscint A was added, and the radioactivity in the tubes was 
measured in a liquid scintillation counter (1214 Rackbeta, 
LKB/Wallac, Gaithersburg, MD). Values shown represent 
binding with radioligand alone (total binding) minus non- 
saturable binding. The concentration of agent that caused 
50% inhibition of binding (IC59) was determined by using a 
nonlinear, least-squares curve fitting program [31]. 


2.6 Inositol phosphates 


Inositol phosphates were measured by previously 
described methods [32]. Cells were seeded onto 6-well 
plates at a density of 10° cells/well. After 18 h, growth 
medium was removed from subconfluent cell monolayers, 
and the cells were incubated with RPMI 1640 containing 
myo-[2-^H(N)]-inositol (1 uCi/ml, New England Nuclear), 
2% FBS at 37 °C for 24 h. Before the addition of agents to 
be tested, cells were treated with 20 mM LiCl in PBS for 30 
min. Phosphoinositide hydrolysis was initiated with the 
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addition of PI buffer (135 mM NaCl; 20 mM HEPES; 2 
mM CaCb; 1.2 mM MgSO,; 1.0 mM EGTA; 20 mM LiCl; 
11.1 mM glucose and 0.05% BSA) containing various 
concentrations of test agents. The incubation was allowed 
to proceed at 37 °C for 30 min. The incubation was stopped 
by adding 2 ml MeOH/HCI to each well. Total IPs (inositol 
1-phosphate, inositol 1,4-bisphosphate and inositol 1,4,5- 
trisphosphate) were purified by chromatography with AG1- 
X8 resin (BioRad) and eluted with 1 mM ammonium 
formate and 100 mM formic acid [33,34]. Hydrofluor was 
added and radioactivity determined in a liquid scintillation 
counter. 


2.7. Statistical analysis 


All data are reported as mean + SE of at least three 
independent experiments. Statistical analysis was performed 
using unpaired Student's t-tests to determine significance 
between two means. Statistical significance was set at P 
values less than 0.05. 


3. Results 
3.1. Effects of bile acids on colon cancer cell proliferation 


To determine whether, as observed with other cholinergic 
agonists [27], LCT would stimulate proliferation of H508 
cells, the cell lines were incubated with increasing concen- 
trations of the bile acid for 6 days. Over the course of a 6- 
day mcubation, LCT caused a dose-dependent increase m 
H508 cell proliferation (Fig. 1). Fig. la shows the time- 


oO 





At day 6 m 
2.5 
—e— H508 
5 O - SNU-C4 
* 
1.5 
osto aS Ou. Bian | à 
< l l l l EM 
0.0 
-6 -5 4 
LCT (log M) 


Fig 1 Actions of LCT on proliferation of H508 colon cancer cells. Cells were seeded on 96-well plates and incubated for 6 days with the indicated 
concentrations of LCT. Cellular proliferation was determined daily and expressed as optical density at 560 nm. Absorbance was determined after stammg with 
SRB, as described in Materials and methods (a) Trme-course for the effects of increasing concentrations of LCT on proliferation of H508 cells. (b) Dose— 
response curve for the effect of LCT on H508 and SNU-C4 cells at 6 days. In each experiment, values were determined in tnplicate and results given are means 
from at least three separate experiments (*) Indicates values that are significantly greater ( P < 0 05) than those for control cells incubated without LCT Vertical 


bars, SE. 
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course for the effect on proliferation with increasing con- 
centrations of the bile acid. With 100 and 300 uM LCT, a 
significant increase 1n cell proliferation was first detected at 
3 and 2 days, respectively. With the highest concentration 
tested, 300 uM, the proliferative effects of LCT appeared to 
plateau after the Sth day of mcubation, achieving an approx- 
imately 3-fold increase in proliferation. In the presence of 1 
uM atropine (a concentration that did not significantly alter 
basal proliferation), after the 5th day of incubation, LCT 
(300 yM)-induced cell growth was inhibited to basal levels 
(data not shown). Fig. 1b shows the dose-response curve 
for LCT after 6 days of incubation. In the H508 cell line, 
significant stimulation was observed with LCT concentra- 
tions greater than 30 uM. In contrast, the SNU-C4 cells 
showed no significant change in cellular proliferation. 


3.2. Lack of cell toxicity with tested concentrations of bile 
acids 


To exclude cell damage as a reason for the differences in 
cell proliferation, we evaluated potential toxic effects of bile 
acid derivatives and DMSO, used as the solvent. We 
examined the actions of the bile acids and cholinergic agents 
on the exclusion of trypan blue from H508 and SNU-C4 
cells. At concentrations used in the following experiments, 
none of these agents altered this measure of cell damage. 
Using conditions similar to those for cell proliferation and 
IP formation, no trypan blue staining was observed in 200 
counted cells. Hence, there was no evidence of cell damage 
with these agents. 


3.3. Effect of bile acids on apoptosis in H508 and SNU-C4 
celis 


To exclude apoptosis as a potential reason for the differ- 
ences in cell proliferation, we evaluated the effects of bile 
acid derivatives and the other agents tested on caspase-3 
activity in H508 and SNU-C4 cells. Caspase-3 plays a 
critical role in apoptosis [29] and caspase-3 activity has 
been used as an index of apoptosis by several investigators 
[30]. As shown in Fig. 2, after 3 and 6 days of incubation, in 
both colon cancer cell lines, DCA, used as a positive control 
[35], caused a 15- to 43-fold increase in apoptosis. This 
increase was abolished by addition of a caspase-3 inhibitor. 
In contrast, DMSO, carbachol and LCT had no effect on 
caspase-3 activity in H508 or SNU-C4 cells. S-LCT caused 
a small but significant increase in caspase-3 activation in 
H508, but not SNU-C4 cells. These results indicate that 
apoptosis is not the cause of the changes in cell proliferation 
Observed with the LA derivatives. 


3.4. Effects of bile acids on binding of ÓH-NMS to H508 
cells 


To determine the ability of LA conjugates to inhibit 
binding of a known muscarinic receptor ligand to M3 
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Fig 2. Actions of LCT, S-LCT, carbachol and solvents on caspase-3 
activity m H508 and SNU-C4 cells (a) Caspase-3 activity m H508 cells 
following incubation with indicated concentrations of test agents for 3 and 6 
days. (b) Caspase-3 activity ın SNU-C4 cells following mcubation with 
indicated concentrations of test agents for 3 and 6 days In each experiment, 
results given are means from at least three separate experiments Vertical 
bars, SE (*, **) Indicates values that are significantly greater ( P < 0 05 and 
0.001, respectively) than those for control cells 


receptors, we used a radioligand binding assay. Binding of 
3H-NMS to H508 cells was examined alone, and m the 
presence of increasing concentrations of cholinergic ago- 
nists and conjugated derivatives of LA. Results of radio- 
ligand binding are not shown for SNU-C4 cells because, as 
published previously [26], *H-NMS does not bind to SNU- 
C4 cells. As shown in Fig. 3, acetylcholine (ACh), carba- 
mylcholine (carbachol), LCT and LCG significantly 
inhibited binding of the cholinergic radioligand. In contrast, 
in the presence of S-LCT, the major human metabolite of 
LCT [36], binding of the radioligand was the same as the 
control. Inhibition of ?H-NMS binding was detectable with 
50 uM LCT or 120 uM LCG. Inhibition of binding observed 
with the maximal concentrations of LCT and LCG used, 250 
and 600 uM, respectively, was approximately 25-30% of 
that observed with maximal concentrations of ACh or 
carbachol. Using a nonlinear, least-squares curve fitting 
program, LIGAND [31], the concentrations of ACh, carba- 
chol, LCT and LCG that caused half-maximal inhibition of 
3H-NMS binding were 0.2, 0.3, 1.0 and 4.4 mM, respec- 
tively. These results indicate that, in terms of inhibition of 
3H-NMS binding, the bile acids are approximately 5 to 20 
times less potent than ACh. 
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Fig 3. Actions of LCT on specific binding of *H-NMS to H508 colon 
cancer cells H508 cells (28 x 10$ cells/ml) were mcubated for 45 min at 22 
°C with 0 6 nM ?H-NMS and the indicated concentrations of ACh (open 
triangles), carbachol (open squares), LCT (closed circles), LCG (closed 
triangles) or 3-sul-LCT (S-LCT, open circles). Binding 1s expressed as the 
percentage of ?H-NMS that was saturably bound in the absence of other 
agents. ?H-NMS binding with the solvent for LCT, 0 6% DMSO, alone was 
108 4 + 5 4% control (not significantly different from control). In each 
experiment, results given are means from at least three separate experi- 
ments (*, **) Indicates values that are significantly less (P<005 and 
0 001, respectively) than ?H-NMS binding in the absence of added agents. 
Vertical bars, SE 


As shown in Fig. 4, although compared at different times, 
the pattern of interaction for 100 uM carbachol, LCT, and S- 
LCT was the same when comparing inhibition of ?H-NMS 
binding to stimulation of cellular proliferation. That is, 100 
BM carbachol and LCT caused similar inhibition of ?H- 
NMS binding and stimulation of cellular proliferation, 
whereas the same concentration of S-LCT caused a signifi- 
cantly lesser effect on either parameter. This observation 
supports the hypothesis that LCT-induced stimulation of 
H508 cell proliferation is mediated by interaction with M3 
muscarinic receptors. Neither LCT nor S-LCT (0.1—1000 
uM) altered proliferation m the SNU-C4 cell line (data not 
shown). 


3.5. Effects of bile acids on cellular formation of IPs 


To confirm that interaction of bile acids with muscarinic 
receptors on H508 cells activates post-receptor signaling 
pathways, we examined the actions of these agents on 
cellular formation of IPs. Ligand interaction with M3 
receptors stimulates activation of a guanine nucleotide bind- 
ing (G) protein, Ggj;, with consequent activation of phos- 
pholipase C and an increase in cellular IPs and calcium [37]. 
As shown in Fig. 5a, in H508 cells, maximal concentrations 
of ACh and carbachol caused a robust, approximately 5- 
fold, increase in IP formation. LCT and LCG also caused a 


significant increase in cellular IP formation, but maximal 
stimulation was approximately 596 of that observed with 
ACh or carbachol (Fig. 5b). These results indicate that LA 
conjugates interact with M3 muscarinic receptors on H508 
cells to stimulate the same post-receptor signaling cascade 
as ACh and carbachol. However, as expected, neither 
cholinergic agonists nor bile acids altered IP formation in 
SNU-C4 cells (Fig. 5a and b). 


3.6. Effects of increasing concentrations of bile acids on 
carbachol- and ACh-induced increases in IPs 


To test further the hypothesis that conjugates of LA 


interact with M3 muscarinic receptors on H508 cells, we 
examined the actions of increasing concentrations of LCT 
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Fig 4 Comparison of the actions of LCT on inhibition of ?H-NMS binding 
to H508 cells and cell proliferation (a) Actions of 100 uM carbachol, LCT 
and S-LCT on ?H-NMS binding to H508 cells after 45 min incubation. (b) 
Actions of 100 uM carbachol, LCT and S-LCT on H508 cell proliferation 
after 6 days incubation. In each experiment, results given are means from at 
least three separate experiments. (*, **) Indicates that response with S-LCT 
1s significantly less (P<0 05 and 0 001, respectively) than that observed 
with carbachol or LCT Vertical bars, SE 
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Fig. 5. Actions of ACh, carbachol, LCT, and LCG on H508 cellular IP formation in H508 and SNU-C4 cells, Cells (10° cells/well) were premcubated with 
myo-[2-2 H(N)]-inositol for 24 h at 37 °C, and the medium was replaced with a PBS solution contammg 20 mM LiCl for 30 min. Cells were then incubated in 
PI buffer, alone or with test agents for 30 min at 37 °C Data are expressed as dpm in the IP fraction after separation by 10n-exchange chromatography (a) 
Effect of increasing concentrations of ACh and carbachol on H508 and SNU-C4 cellular formation of IPs. (b) Effect of increasing concentrations of LCT and 
LCG on H508 and SNU-C4 cellular formation of IPs. Results given are means from 3 to 11 separate experiments. (*, **) Indicates values that are significantly 


greater (P<0 05 and 0.001, respectively) than control. Vertical bars, SE 


and LCG on ACh- and carbachol-induced increases in 
cellular IPs (Fig. 6). We hypothesized that if these agents 
were interacting with the same receptors, the less efficacious 
agents (LCT and LCG) would inhibit the actions of sub- 
maximal concentrations of the more efficacious agents 
(ACh and carbachol). As shown in Fig. 6a, increasing 
concentrations of LCT caused a progressive decrease in 
ACh- and carbachol-induced IP production. A similar effect 
was observed with LCG (Fig. 6b). In contrast, S-LCT did 
not alter carbachol-induced IP production (data not shown). 
These results support the hypothesis that the glycine and 





LCT (log M) 


taurine conjugates of LA interact with the same receptors on 
H508 cells as ACh and carbachol. 


4. Discussion 


In animal models, increased concentrations of secondary 
bile acids are associated with increased proliferation of 
colorectal epithelium and the promotion of colon tumor 
growth [14]. Beneficial properties of agents like calcium 
and estrogens, that have been evaluated for chemopreven- 
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Fig. 6. Effects of LCT and LCG on the merease in IPs observed with submaximal concentrations of carbachol (closed circles) and ACh (open circles) (a) 
Effects of increasing concentrations of LCT on ACh- and carbachol-induced IP formation. (b) Effects of increasing concentrations of LCG on ACh- and 
carbachol-mduced IP formation Results given are means from at least three separate experiments (*, **) Indicates values that are significantly less (P<0 05 


and 0 001, respectively) than control Vertical bars, SE. 
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tion of colon cancer in humans, result from the binding or 
reduced production of secondary bile acids [38]. Never- 
theless, the mechanism whereby bile acids alter colonic 
epithelial-cell turnover has not been elucidated. 

In the present study, we provide evidence that conjugates 
of LA stimulate colon cancer cell proliferation by muscar- 
inic mechanisms. This includes the observations that LCT 
and LCG dose-dependently compete with a muscarinic 
radioligand for binding to M3 subtype receptors on cultured 
human colon cancer cells [27], and stimulate an increase in 
cellular formation of IPs. As predicted from the interaction 
at the same receptor, increasing concentrations of LCT or 
LCG inhibit IP formation by more efficacious cholinergic 
agonists (ACh or carbachol). More importantly, LCT at 
concentrations that inhibit ?H-NMS binding and stimulate 
IP formation, increases proliferation of H508 cells and this 
increase can be inhibited by the muscarinic receptor inverse 
agonist atropine. Similar concentrations of LCT did not alter 
proliferation of colon cancer cells (SNU-C4) that do not 
express M3 receptors [27]. Moreover, LCT did not alter 
apoptosis in either cell line. 

To draw conclusions regarding the physiological or 
pathophysiological implications of our observations, it is 
necessary to demonstrate in vivo in the organ of interest that 
LA derivatives achieve concentrations necessary for inter- 
action with muscarinic receptors. In fact, concentrations of 
LA derivatives in proximal animal and human colon have 
been reported in the high micromolar to millimolar range 
[39 —41], particularly if ileal damage prevents enterohepatic 
circulation. Hence, concentrations of LA conjugates that 
interact with muscarinic receptors on H508 colon cancer 
cells may be achieved in the normal colon. Moreover, 
although the effects of LA derivatives on muscarinic radio- 
ligand binding and stimulation of IP formation in H508 cells 
are less than those observed with ACh, several factors argue 
for a potential pathological role for the bile acids in vivo. 
This includes: (a) the likelihood that fecal bile acids that are 
normally found in stool will be in contact with colonic 
epithelial cells for many years (the average age for devel- 
oping colon cancer is greater than 50 years [1]); (b) LA 
derivatives do not contain an ester linkage and, conse- 
quently, will not be subject to hydrolysis by tissue chol- 
inesterases that rapidly inactivate ACh; and (c) lipophilic 
properties of monohydroxy LA derivatives allow these 
agents ready access to muscarinic receptors in the lipid 
bilayer of the colon cancer cell membrane. 

Sulfation of LCT, a physiological detoxification mecha- 
nism [36], abolishes the molecule's ability to interact with 
muscarinic receptors. LCT is hepatotoxic in species that lack 
the enzyme necessary for sulfation [42]. The present study 
suggests the possibility that alterations in the ability to 
sulfate LA conjugates may alter initiation or progression 
of colon cancer. It is of interest to note that a colon cancer 
cell line has been reported to sulfate LA [43]. Hence, it may 
be of interest to study possible genotypic or phenotypic 
variation in expression of hepatic and colonic bile acid 


sulfatases in subjects with and without advanced colon 
cancer. Moreover, situations associated with decreased LA 
conjugate sulfation, like advanced liver disease, may result 
in augmented cholinergic actions of LA derivatives. 

Although it is possible that chronic muscarinic receptor 
stimulation may lead to colonic epithelial cell proliferation 
and neoplastic transformation [3,44,45] the present studies 
do not address this. We did not examine the effect of LA 
derivatives on normal colonic epithelium. Nonetheless, 
because we show that LCT stimulates proliferation of 
already neoplastic cells, our data are compatible with the 
hypothesis that LA derivatives enhance the growth of 
existent cancer cells. Hence, once neoplastic transformation 
occurs as a consequence of genetic mutation or other causes, 
fecal bile acids may augment cancer cell proliferation and 
consequently tumor growth. Whether the use of selective 
anti-cholinergic agents or other approaches to blocking 
potential interactions of bile acids with neoplastic colonic 
epithelium is a useful adjunct to colon cancer prevention or 
treatment remains to be determined. 
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Abstract 


Recent studies have shown that gene mutations are ravolved in the pathology of neurological disorders. CCG repeats cause genetic 
instability and are localized at the 5' end of the non-codinz regions of the FMR1 gene m fragile X syndrome. Our studies for the first time 
showed that aluminum (AI) levels were elevated in the seram samples of fragile X syndrome and also provide evidence for the interaction of 
aluminum with (CCG),2-repeats. Circular dichroism spectroscopic studies of (CCG);; indicated B-DNA conformation and in the presence of 
AI (10 7? M) CCG repeats attained Z-DNA conformation. Further spectroscopic studies, which included melting profiles, ethidrum bromide 
binding patterns and interaction of Z-DNA specific polyclonal antibodies confirmed the Z-conformation im (CCG))2-repeats in the presence 
of Al (10 5 M). It ıs interesting to mention that Al-indaced Z-conformation 1s stable even after the total removal of Al from CCG by 
desferoximme, a chelating drug. This is the first report te proof the role of Al in modulating the DNA (CCG repeats) topology and this 


information provides a clue about the possible involvement of Al at a molecular level in neurological/neurodegeneratrve disorders. 


© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


DNA. molecule is polymorphic in nature having many 
conformations [1—5] and these conformational charges are 
regulated by specific DNA sequences. Right-handed 3-DNA 
conformation is the most predominant conformatior in bio- 
logical systems. Non-B-DNA conformations also cccur in 
vivo like Z-DNA, triple helix and tetraplexes [6-8 . DNA 
topology has been proposed to have a crucial role DNA 
transcription and susceptibility of DNA for oxidative dam- 
age [9]. The expansion of DNA-triplet repeats defines a new 
type of mutation in the human genome, namely “Gynamic 
mutation” leading to genomic instability [10—14]. Mutation 
studies have revealed that abnormal expansion o^ CCG, 
CGG, CTG, CAG etc., were implicated in more “han 12 
neurological disorders [11]. GC*-rich triplet repeats CCG, 
CGG, GCC, GGC are predominantly involved in fragile X 
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neurodisorder [11,15—19]. These repeats are localized both 
in coding and non-coding regions of genes [11,15,16]. 
Further, the expansion of these repeats differ, depending on 
the location of the repeat tract 1n the gene, and the con- 
sequences range from reduction of transcription initiation to 
protem toxicity [19]. 

Aluminum (AJ) is one of the strong suspected etiological 
factors in neurodegenerative disorders like Alzheimer's, 
Parkinsonism and GuamParkinsonism/amyotrophic lateral 
sclerosis [20—23]. In the present study, we have reported for 
the first time elevated concentrations of Al in the serum 
samples of fragile X syndrome patients, thus providing a 
clue on possible role of Al in fragile X neurodisorder. 
Studies from our laboratory [24,25] and elsewhere [26] 
show that Al preferentially binds to DNA. However, our 
studies show for the first time that Al strongly binds to AT*- 
rich sequences with no conformational transition [25], 
where it causes a Z — A helical transition in GC*-rich 
oligomers [24]. From this perspective, it 1s important to 
know whether the topology of CCG repeats play a vital role 
in fragile X neurodisorders through the modulation of tran- 
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scription of FMR1 gene. We hypothesize that DNA top- 
ology in these repeats plays an important role in the 
expression of FMRI gene. Keeping the above complexity 
in view, the topology of (CCG),2-long repeats and the role 
of Al in modulating CCG topology was studied. Further, the 
relevance of these topological changes to the expression of 
FMRI gene was hypothesized. 


2. Materials and methods 


2.1. Aluminum levels in the serum of fragile X syndrome 
patients 


Blood samples from 10 fragile X syndrome patients and 
10 normal (no etiology of any neurological disorders) 
humans were collected from J.S.S. Medical College and 
Hospital, Mysore, India and the serum samples were sepa- 
rated. Al levels were estimated using Inductively coupled 
Plasma Atomic Emission Spectrometer (ICPAES) model JY 
38 at wavelength 396.152 nm with detection limit at 0.002 
ppm. The optimization of ICPAES was evaluated by line 
selection and detection limits and validation of analysis was 
tested by analyzing certified standard reference material 
(bovine liver 1577a) [27,28]. 


2.2. Ethical issue 


Ethical approval for collecting blood samples from 
fragile X syndrome and normal humans was obtained from 
the Research Ethical Committee of J.S.S. Hospital. A 
written consent was obtained from the patients/carers prior 
to the collection of blood samples. 


2.3. CCG repeats synthesis 


‘The (CCG),2 repeats were synthesized by phosphorami- 
dite technique using a 380B ABI automated DNA synthe- 
sizer. Deprotection of the oligonucleotide bases were carried 
out in the presence of ammonia at 55 °C for 12 h. The 
samples were ethanol precipitated, FPLC purified and 
freeze-dried. 


2.4. Aluminum maltolate synthesis 


Aluminum maltolate was prepared in our laboratory from 
aluminum chloride hexahydrate and maltol (3-hydroxy-2- 
methyl-4H-pyran-4-one) following the method of Finneagen 
et al. [29]. 


2.5. Circular dichroism (CD) studies 


CD spectra (210—330 nm) were recorded for (CCG),2 
(5 x 107 ^ M) in 0.01 M HEPES buffer (pH 7.5). The effect 
of different concentrations of Al-maltolate (5 x 10~° to 
5 X 107^ M) on the mean molar ellipticity values were 


studied. CD spectra were also recorded to understand the 
effect of the Al-chelating drug, desferoximine (5 x 10 ^? M) 
on Al-(CCG);; (1:10 M) (the complex under Z-DNA 
conformation) complex spectra. The CD spectra were 
recorded on a JASCO-J500 Spectropolarimeter with 1 mm 
width and 1 mm cell length. The spectra at each concen- 
tration were averaged from four recordings. DNA conforma- 
tions were characterized following the guidelines of Gray 
et al. [30]. 


2.6. C—C* mismatch studies 


C-C* mismatch base pair formation in CCG repeats in 
the presence and absence of Al, was studied by monitoring 
the increase in the magnitude of long-wavelength positive 
CD band at 283 nm when pH was lowered from 7.0 to 5.0 in 
the presence of 0.1 and 0.5 M Na *. 


2.7. Melting temperature studies 


The melting temperature curves for (CCG) (5.0 X 
10 ^ M) were determined in the presence or absence of 
Al-maltolate (5.0 x 1078 to 5.0 x 107 M) in 0.01 M 
HEPES buffer (pH 7.5). Absorbance at 260 nm was recor- 
ded at different temperatures (20—85 °C, 1 ° C/min) using a 
Gilford Response II UV spectrophotometer. Tm values were 
determined graphically from the percent hyperchromicity 
vs. temperature plots. The temperature studies were also 
conducted in the presence and absence of Al-chelating drug 
desferoximine (5 X 10 ^? M). The precision in Tm values 
estimated from the variance in three repeated experiments 
was +0.05 °C. 


2.8. Fluorescence studies 


Fluorescence emission studies were carried out using 
equimolar concentrations of CCG repeats and ethidium 
bromide (EtBr) (2.5 x 107 5:2:5 x 107? M (1:1)) solu- 
tions. DNA/EtBr solutions were excited at 535 nm and 
emission was monitored at 600 nm using JASCO J77 
spectrofluorimeter. The effect of different concentrations 
of Al (5 x 10 ^? to 5 x 1074 M) on the EtBr fluorescence 
was investigated and the percentage decrease in EtBr 
fluorescence was calculated. The effect of desferoximine 
on the EtBr fluorescence of DNA/EtBr complex in the 
presence of Al (5 x 107 !? to 5 x 107 * M) was also 
investigated. 


2.9. ELISA 


(CCG)i; (25 ug/ml) were mixed with different concen- 
trations of Al-maltolate (5 x 10^ !9 to 5 x 10 - M) and 
incubated for 30 min at room temperature. All solutions 
were in HEPES buffer (pH 7.5). Titer plates were pre-coated 
with 100 ul of protamine sulfate. After the incubation, the 
CCG/A] mixture was diluted to a CCG concentration of 2.5 
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pg/ml with no EDTA in the buffer. One hundred microliters 
of this mixture was added to micro titer plate and incubated 
overnight at 4 °C. Anti-Z-polyclone was used in this ELISA 
test. The absorbance was recorded at 410 nm. 


2 10. Extra-helical alignment of CCG repeats 


The possible alignment of CCG repeats were designed 
with reference to anti-parallel staggered, anti-parallel, and 
parallel and the bonding pattern with respect to Watson— 
Crick base pair, mismatch and protonated were derived 
theoretically using the Fresco and Alberts model [31]. The 
possible alignments were represented in Fig. 6. 


3. Results 


3.1. Aluminum levels in the serum of fragile X syndrome 
patients 


Al levels were found to be 0.53 (+ 0.06) x 10 * M and 
1.8 ( + 0.2) X 10 7 * M in normal and fragile X syndrome 
affected persons, respectively. This data indicates that Al 
level is high (+231%) in fragile X syndrome affected 
persons. 


3.2 Al-maltolate 


Understanding the toxicity of Al is governed by the 
speciation chemistry of Al over pH range. To overcome 
this hydrolytic chemistry problem in the present study, a 
highly soluble Al-maltolate is used. This Al complex is 
hydrolytically stable from pH 2.0 to 12.0 and possesses a 
neutral charge. It is highly soluble compound and enhances 
free Al existence by 100-fold at neutral pH compared to any 
other inorganic or organic Al complex and has been used as 
a model compound to be used for understanding molecular 
effects of Al in a biological system [32]. The application of 
this compound 1n DNA conformational studies will over- 
come Karlik et al.’s [26] complex explanation on Al 
speciation—DNA interactions. Most of the researchers have 
used inorganic salts of Al where the concentration of soluble 
free Al at pH 7.0 will be 50 uM in a 10 mM solution. This 
means free Al concentration is 10 7 '* M only and the rest of 
Al is in Al(OH); precipitate form. 


3.3. CD studies on DNA helicity 


CD spectra of (CCG), indicated classical B-DNA con- 
formation with a characteristic positive peak at 275 nm anda 
negative peak at 245 nm (Fig. 1a). On addition of lower 
concentrations (10 ~ Š to 10 ~ $ M) of Al, there was a decrease 
in the magnitude of both the positive and negative peaks at 
275 and 245 nm, respectively (Fig. 1b). But at higher Al 
concentrations (10 ^? and 10 7 ^ M), CCG attained Z-DNA 
conformation with characteristic two negative peaks at 245 
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Fig. 1 Effect of Al on CD spectra of (CCG);? m 0 01 M HEPES buffer (pH 
74). s-«(CCG), b=Al (5x1077 M), c=Al (5x107? M), d=Al 
(5 x 1074 M), e= AL (5 x 1074 M) + desferoximme (5 x 107 ^ M) 


and 290 nm, and a positive peak at 260 nm (Fig. 1c and d). 
The effect of Al-chelating drug, desferoximine (10 7 ^M) on 
AI-CCG complex (10 ^? M of Al) indicated that the total 
removal of Al by the drug could not reverse the spectral 
characteristics back to B-conformation (free CCG) from Z- 
conformation (CCG—Al complex) (Fig. le). The total 
removal of Al from CCG complex was ensured by dialyzing 
desferoximine/Al-CCG (10 7?:10 75:10 ^? M) complex 
overnight in 0.001 M HEPES Buffer. The dialyzed CCG 
was digested in nitric acid and Al content in the CCG was 
estimated by ICPAES. We found no signal in the digested 
CCG solution indicating total removal of Al from CCG- 
oligomer by desferoximine. 


3.4. ELISA 


Z-DNA conformation was further confirmed using left- 
handed Z-DNA-specific polyclonal antibody using ELISA 
reader. The data confirmed the presence of left-handed Z- 
DNA conformation in (CCG), at Al concentrations above 
10 ^? M (Fig. 2). Immunochemical assay of Z-DNA using 
anti-Z-IgG polyclonal antibody at different Al concentra- 
tions (A=Al (5 x 107? M), B=A1 (5 x 1077 M), C- AI 
(5 x 107 5M), D- A1 (5 x 107^ M) and E- AL (5 x 10 7^ 
M)). Z-DNA conformation was observed in D and E columns, 
where Al concentration is 5 X 10 ^? M and (5 x 1074 M), 
respectively. 
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A 410nm 





CCG A B C D Ë 
Al - maitoi 


Fig 2 Immunochemical assay of Z-DNA using anti-Z~—IgG polyclonal 
antibody at different Al concentrations A=Al (5x107? M), B=Al 
(5x1077 M), C=Al (5x 107° M), D=Al (6 x 107° M), E-AI 
(5 x 1074 M). 


35 C-C* mismatch studies 


C-C* mismatch base pairing was detected by monitoring 
CD changes at 283 nm with reference to pH 5.0 to 7.0 at 0.1 
and 0.5 M Na” concentration. There was an increase in the 
magnitude of long-wavelength positive band at 283 nm when 
pH was lowered from 7.0 to 5.0 at 0.1 and 0.5 M Na, 
indicating the formation of C-C* mismatch base pairs. The 
lower concentration of Al (10 ^ ^ M) did not alter C-C* 
mismatch base pair formation (Fig. 3). But higher concen- 
tration of Al (10 7 ^ M) caused a reduction in C- C* mismatch 
base pair formation, thus possibly favoring the stability of Z- 
DNA conformation. 
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Fig. 4. Effect of Al on Tm (°C) values of (CCG),2 oligomers in 001 M 
HEPES buffer (pH 7 4) CCG=(CCG), oligomers alone, A= Al (5 x 10 7 * 
M), B=Al (5 x 1077 M), C=Al (5x 1075 M), D=A1 (5 x 1074 M), 
E=Al (5 x 1077 M)+desferoximine (5 x 107 * M), F-AI (5x 1074 
M) desferoximine (5 x 1074 M). 


3.6. Melting temperature studies 


The Tm value for (CCG);; alone was found to be 48 °C. 
The lower concentrations of Al (10 ^ Š x 10 ^ Š M) decreased 
the Tm to 42 °C. But higher concentrations of Al (10 ^ * M) 
increased the Tm to 52 °C. However, the addition ofthe drug 
desferoximine (10 ^ ^ M) on AL (10 ^ ^ MyCCG complex did 
not alter Tm (52 °C) indicating the stable conformation of 
CCG complex even after Al is removed. However, desferox- 
imine (10 ^ ^ M) could chelate Al (107 ë x 10 7 ° M) from 
the CCG—AI complex and could reverse Tm from 42 to 48 °C 
(Fig. 4). 
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Fig 3. Effect of Al on CD spectra of (CCG), at 283 nm at different pH and Na ^ concentrations O=(CC0G);> (10 7 ? M), @=(CCG),; (10 75 M)+A1(10 7 7 M), 


A 7-(CCG);; (10 7? M)+Al (10 7 ^ M) 
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% decrease in 
fluorescence 





Al - maltol 


Fig 5. The effect of Al on percent change in EtBr fluorescence of (CCG);2 
oligomers in 0 01 M HEPES buffer (pH 7.4) A=Al (5 x 1075 M), B=Al 
(5x1077 M), C=AL (5x107°M), D-AI (5x1074M), E-AI 
(5 x 107 * M) + desferoximine (5 x 10 7 * M) 


3.7. Fluorescence studies 


Fluorescence emission spectra were monitored for equi- 
molar concentrations of DNA/EtBr in the presence and 
absence of Al. On additions of different concentrations of 
Al to CCG/EtBr solutions, the fluorescence emission 
decreased ın a concentration-dependent manner (Fig. 5). 
The concentrations of Al that caused 7596, 5096, and 25% 
reductions m EtBr fluorescence were 1074, 1076, and 
10 7? M, respectively. The chelation of Al (10 ^ ^ M) by 
the chelating drug, desferoximine (10 7^ M) did not alter 





the Al-induced EtBr fluorescence reduction (75%). This 
data clearly confirmed, once again, the formation of Z- 
DNA conformation in CCG repeats. 


3.8. Extra-helical alignment of CCG repeats 


Extra-helical alignment in CCG repeats showed the 
alignment with reference to anti-parallel staggered, anti- 
parallel, and parallel was designed. These alignments were 
similar to what was predicted for polynucleotides by Fresco 
and Alberts [31]. In the anti-parallel staggered conformation 
5'-end, C— 1s unbound and free in nature in both the strands 
and the number of mismatches were 11 in (CCG);;. The 
number of mismatches in anti-parallel, and parallel align- 
ments were 12. The above alignments of (CCG),2 triplet 
repeats were represented in Fig. 6. 


4. Discussion 


Our studies for the first time evidence that Al brought 
about helical transition from B- to Z-DNA conformation in 
(CCG)i;z-epeats. The total removal of Al by chelating 
drugs, namely desferoximine, did not reverse the Z-DNA 
conformation to B-DNA, indicating the irreversible and 
stable conformation. The molar concentration of Al in the 
serum of fragile X syndrome is 1.8 X 10 ^ ^M. In the 
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Fig 6. The possible alignments of (CCG), triplet repeats. 
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present investigation, it was observed that 10~* M and 
10 7? M of Al could favor Z-conformation in CCG repeats. 
It 1s interesting to mention that Al concentration recorded 
(1074 M) in serum could induce Z-DNA conformation in 
(CCG);; repeats and thus these findings have physiological 
significance. Further, Al-induced Z-DNA conformation is 
stable as evidenced by irreversibility of the conformation 
even after total removal of Al by desferoximine. Z-DNA 
conformation in CCG repeats could act physically to pre- 
vent the movement or the binding of RNA polymerase, thus 
modulating transcription. Therefore, in fragile X syndrome, 
the FMRI gene might have been turned off due to the 
formation of Z-DNA by Al. We developed a hypothesis, 
which is explained in a later part of this discussion in strong 
support of the above concept. Thus, formation of Z-DNA 
topology in CCG long repeats may have a biological 
significance in molecular understanding of the role of 
FMRI gene in fragile X syndrome and the relevance of 
Al in this neurological disorder. 

The long CCG triplet repeats at the FRAXA site are 
involved in the pathology of fragile X syndrome [11]. The 
poor chromatin staining and the large expansions of the 
CCG repeats block at the FRAXA site suggested an altered 
chromatin structure and strong nucleosome exclusion [33]. 
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It is hypothesized that Z-DNA conformation is also one of 
the likely factors which favor exclusion of nucleosome 
formation [34] and this will possibly explain the poor 
chromatin staining of the fragile site. The nucleosome 
formation depends on the bending and twisting elastic 
energy to transform the DNA intrinsic super structure into 
the nucleosome structure [35]. Z-DNA, being more rigid, 
cannot bend to favor the formation of nucleosome. Thus, 
DNA topology ıs very important for the histones protein 
binding, and this binding favors the formation of nucleo- 
somes and also RNA polymerase binding during transcrip- 
tion [36,37]. It was previously shown that the Z-DNA 
conformation depends largely on the sequence and on the 
degree of negative super coiling [38]. 


4.1. Our hypothesis on how FMRI gene regulation is 
modulated by Al-mediated CCG* topology 


4 1.1. Al-mediated DNA topological changes from B- to Z- 
DNA 

We hypothesize that the molecular involvement of Al in 
bringing about B- to Z-DNA conformation may be due to 
binding of Al to phosphate group and nitrogenous bases 
which may affect sugar puckering in dG leading to C2’ to 


“i 








Desferroxi 
mine 10 
M 


0 
0 
0 
E 
Z-conformation 


Tm=52°C 
EtBr - 2596 


E: Guanine LS] Cytosine 








Fig 7 Theoretical Model representing the melting temperature and EtBr binding pattern 1n CCG repeats (GC* region) under Al-induced DNA conformation 
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C3’ endo pucker and the configuration of glycosidic bond 
(torsion angle). Hence, negative super helical tension caused 
by Al binding may drive local transitions (B-DNA) to 
alternative DNA structures. This conformational change 
may affect the expression of FMRI gene. The C-C* 
mismatches induce local flexibility to form non-B-DNA 
conformation. During B- to Z-DNA helical transitions, the 
intrastrand hydrogen bond distance between C—C* mis- 
matches in B-DNA conformation should decrease due to Al 
binding (N4—N3, 4.38 A B-DNA; 02-02, 3.54 A Z-DNA) 
in addition to change of torsion angle and sugar puckering 
in dG. This may be the reason for the reduction in C—C* 
mismatches at higher Al concentration leading to stable Z- 
DNA conformation. This may be the reason why total 
removal of Al by desferoximine could not reverse Z- to 
B-DNA. 


4 1.2. Z-DNA conformation stability pattern 

The duplex (CCG),2 repeats with C—C* mismatch has 
Tm of 48 °C. Al (1077 M) has decreased Tm to 42 °C. 
But at higher concentrations of Al (10^ ^ M), CCG has 
higher Tm of 52 °C. The reduced Tm by lower concen- 
trations of Al may be due to the formation of intermediary 


and transition conformation from B-DNA. However, higher 
concentrations of Al increased the Tm due to stable con- 
formation. The reason might be transition of nitrogen bases 
by 180 with respect to its B-conformation and change of 
Geoxyribose molecule from perpendicular to parallel with 
respect to its helical axis. During this process, the hydrogen 
bonds may break due to favorable transition energy towards 
Z-conformation. Thus, the intermediary duplex needs less 
energy to melt (a hypothetical model: Fig. 7). Once the Z- 
conformation is attained, in addition to the usual three 
hydrogen bonds between guanine and cytosine, a hydrogen 
bond between N3 cytosine of one chain to NH2-C4- 
cytosine and other bond between 02 and N3 (H)* 
observed. This is mainly because of Z-DNA conformation 
by bringing two cytosine molecules (which are in anti- 
conformation) nearer as compared to B-conformation and 
this explains the higher energy to melt in the Z-DNA 
duplex. 


41.3 How Al could modulate FMR gene expression (Fig. 8) 

Eukaryotic transcriptional control operates at three lev- 
els: (a) modulation of the levels and/or activities of activa- 
tors and repressors, (b) change in chromatin structure 
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Fig 8 Hypothesis model representing the switching off and on of FMRI gene in fragile X syndrome as function of DNA structural dynamics. 
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directed by activators and repressors and (c) direct influence 
of activators and repressors on assembly of initiation com- 
plexes. Here, we hypothesize that Al-mduced DNA top- 
ology is relevant to FMRI gene regulation (Fig. 8). The 
promoter-proximal region at the 5'-end of FMR1 gene 
contains GC*-rich sequences and also CGG triplet repeats. 
This gene is hypothesized to be turned off when CCG/CGG 
repeats are longer than 200 with methylation [39—44]. In 
normal conditions, DNA is in B-conformation. The CCG 
repressor protem or p20 binds in the major groove of 
cognate site on B-DNA in a sequence-specific manner. This 
interferes with the general transcription factors (GTF's), 
which play a role in the formation of transcription—initiation 
complex and regulates gene repression. The binding and 
removal of the p20 from its cognate site is likely to control 
FMR1 gene expression. In conclusion, we provide for the 
first time, evidence that Al induces B- to Z-DNA confor- 
mation in CCG-rich repeats. In genetic neurodisorders, the 
trinucleotide repeats will be more than 200 with hyper- 
methylation at FMR1 operon and this might be in Z-DNA 
conformation in the presence of Al. Under such conditions, 
both p20 and GTF's may not be able to assemble to form 
transcription initiation complex at its cognate site, because 
there are no major grooves in Z-DNA". 

In our model, we concentrate on direct influence of Al on 
activators and repressors on assembly of transcription— 


initiation complex formation to explain the expression of 
FMRI gene. Similar to other eukaryotic genes, these genes 
do have DNA regions coding for structural gene along with 
upstream promoter—proximal region where transcriptional 
factors (upstream transcriptional factors or UTF’s) bind in a 
sequence-specific manner and stimulate/inhibit the forma- 
tion of transcription—initiation complex formation (general 
transcription factors or GTF’s). The FMR1 gene 1s known to 
contain GC*-rich sequence in the promoter—proximal 
region (5'-end), specific for UTF’s [39—44]. The suppres- 
sion/over-expression of FMR1 gene plays an important role 
in disease onset. Based on the gene expression during 
normal and disease condition, we have postulated that 
FMRI gene is under repression control, since its expression 
is affected by 5'-(CCG)n-3' binding protem [40,41]. 
Hence, these studies suggest that Al is likely to play a 
role in switching off the FMR1 gene by inducing helical 
transition from B- to Z-DNA, in addition to the factors 
involved in massive expansion of CCG triplet repeats and 
hypermethylation, imbalance in trace metal homeostasis, 


. etc. (Fig. 9). This mechanism may provide a clue for the 


discovery of new drugs to convert Z-DNA back to B-DNA. 
It is hypothesized that through chelation of metal ions like 
aluminum, demethylation of the triplet repeats and acetyla- 
tion of histones, it may be possible to switch on FMR 1 
gene. 
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Fig 9. The complexity of DNA topology m fragile X disorder. 
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Abstract 


Small duplications (miniduplications) of the D-loop of human mitochondrial DNA (mtDNA) have been described ın patients with 
mtDNA deletions, mtDNA point mutations and in normal aged tissues. The origin of these miniduplications 1s still unknown but it 1s 
hypothesized that they could be formed after oxidative damage. The respiratory chain (RC) 1s the main source of free radicals in mitochondna 
and it 1s believed that a defect ın RC increases free radical generation. If miniduplications are originated by oxidative damage, ıt 1s expected 
that they are more abundant in patients with a defect in the RC. We studied the frequency of miniduplications of D-loop in patients with a RC 
defect due to mtDNA deletions and in controls. We show that four types of miniduplications could be detected with a higher prevalence than 
in previous studies ard that patients with mtDNA deletions did not have higher proportions or increased number of miniduplications, which 
1s against the hypothesis that miniduplications are generated more abundantly ın patients with RC defects. We also clearly demonstrate the 
age-related nature of these miniduplications by a carefully controlled study regarding the age of subjects, which was not considered in other 


studies on patients with a mitochondrial disease. 
© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


An approximate 260-bp tandem duplication in the D- 
loop region of human mitochondrial DNA (mtDNA) was 
first identified by Brockington et al. [1] and associated with 
mtDNA deletions in mitochondrial myopathy. The 260-bp 
duplication is a heteroplasmic length polymorphism found 
In low abundance and located in the region that controls 
replication and transcription of mtDNA (D-loop). Because 
of this location and the finding in 31% of patients with 
mtDNA deletions (18 out of 58) but not in normal subjects, 
it was suggested that this duplication could be relevant to 
deletions formation [1]. Since then, other’ studies did not 
confirm a high prevalence of this rearrangement in patients 
with mtDNA deletions, finding lower proportions that 
varied from 3% to 12% [2—4]. On the other hand, the 
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260-bp duplication and several other duplications in the D- 
loop (miniduplications) were also found in normal aged 
individuals [5,6], suggesting that these miniduplications in 
D-loop are early molecular events of the human aging 
process. More recently, Bouzidi et al. [7] described a 200- 
bp tandem duplication with high proportion associated with 
a cytochrome b mutation. It was suggested a relationship 
between miniduplication formation and respiratory chain 
(RC) deficiency, which was explained by a possible increase 
in free radical production from the defective RC whether the 
genetic origin of the deficiency be a deletion or a point 
mutation in the mtDNA [7]. 

In this study, we explore the idea that formation of 
miniduplications could be enhanced by a defective RC in 
patients with mtDNA deletions. We show that four types 
of miniduplications could be detected by polymerase 
chain reaction (PCR) with a higher prevalence than in 
previous studies and that patients with mtDNA deletions 
did not have higher proportions or increased number of 
miniduplications, which is against the hypothesis that 
miniduplications are generated more abundantly in pa- 
tients with RC defects. We also clearly demonstrate the age- 
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related nature of this rearrangement by a carefully con- 
trolled study regarding the age of the subjects, which was 
not considered in other studies with patients with mtDNA 
deletions. 


2. Materials and methods 
21 DNA samples 


DNA samples were obtained from autopsy material or 
muscle biopsies specimens performed exclusively for diag- 
nostic purposes. Genomic DNA was isolated with SDS/ 
proteinase K treatment followed by phenol/chloroform 
extraction. We studied samples divided in two groups: (1) 
patients group: patients with chronic external ophthalmo- 
plegia and single mtDNA deletions (N—24); and (2) control 
group: individuals with no abnormalities on muscle histol- 
ogy (autopsy material or diagnostic muscle biopsies) 
(N=27). Quantification of total DNA was performed in the 
VersaFluor fluorometer (BioRad) using the Hoechst dye 
assay. 

All patients had pathogenic deletions and not large-scale 
duplications as determined by a Southern blot study with 
different restriction enzymes and two probes according to 
Tengan et al. [8]. 

This study was approved by the Ethics Committee of 
Universidade Federal de São Paulo and is in accordance 
with the ethical standards of the Helsinki Declaration. 


2.2. Detection of miniduplications 


Miniduplications of the D-loop region were detected by 
PCR using 20 pmol of back-to-back primers located at 
positions 336—357 and 335—305 of mtDNA (5 3") [4], 
10 ng of genomic DNA, 20 nmol of each deoxynucleotide 
triphosphate (dNTP), 10x PCR buffer, 2.5 units of Taq 
DNA polymerase (Amersham-Pharmacia Biotech) PCR 
conditions were: 94 °C for 5 min followed by 40 cycles 
with 94 °C for 30 s and 60 °C for 30 s. PCR products were 
separated by electrophoresis through an ethidium bromide 
stained agarose gel and then visualized under a UV source. 
A positive control of the reaction was performed using a 
DNA sample from cybrid cells containing 100% of the 260- 
bp miniduplication [9], kindly provided by Dr. C.T. Moraes. 
Positions in mtDNA were numbered according to the 
published mtDNA sequence [10]. 


2.3. DNA sequencing 


PCR products encompassing miniduplications were gel 
purified according to GeneClean protocol (Biol01) and 
subcloned into vector pCRII (Invitrogen). Sequencing reac- 
tion was performed according to BigDye Sequencing kit 
instructions using M13 Universal primer and run in a ABI 
Prism 377 Automated Sequencer (Applied Biosystems). 


2 4. Quantitative analyses 


The quantitation of miniduplication was performed by 
the serial dilution method as previously described [11] with 
slight modifications in the PCR conditions. Briefly, 1 ul of 
serial 10-fold dilutions was submitted to a short cycle PCR 
(40 cycles consisted of 94 °C for 30 s and 60 °C for 30 s). 
Two parallel PCR reactions were performed using two pairs 
of primers. The first pair of primers flanked the minidupli- 
cation (primers as cited above). The second pair of primers 
(forward primer from mtDNA position 5472 to 5491 and 
reverse prumer from mtDNA position 5982 to 5960) ampli- 
fied a 510-bp fragment (control fragment) that is present 
both in normal and duplicated mtDNA. Ten microliters of 
the PCR amplification was submitted to electrophoresis 
through an ethidium bromide-stained agarose gel, visualized 
and photographed under a UV source. Optical densities 
(OD) of the bands were measured by scanning nonsaturated 
positive prints and quantifying the pixel density (freeware 
package NIH IMAGE 1.57). The OD obtained was plotted 
as a function of the template dilutions (the points corre- 
sponding to the saturation phase of the PCR amplification 
were excluded). A linear regression analysis was performed 
ta identify the dilution corresponding to the disappearance 
of each specific template. The ratio between these dilutions 
(minidup ratio) was used to estimate the amount of mini- 
duplications in each group (patient and control). 


2.5. Phenotype- genotype correlation 


The results on detection of miniduplications were corre- 
lated with clinical and molecular features of patients. The 
features analysed included age, type of clinical presentation, 
presence of endocrinopathy, molecular defect (deletion: 
size, location, proportion, direct repeats, presence of large 
duplication). 


2.6. Statistical analyses 


Statistical analyses were performed with Statview 5.01 
(SAS Institute Inc.). Comparison of means was performed 
by the Student's t-test and statistical significance was set to a 
P<0.05. 


3. Results and discussion 


In order to determine the prevalence of miniduplications, 
we studied two groups (patients and controls), formed by 
individuals with simular distribution of age, from 11 to 70 
years old in controls and from 11 to 66 years old in patients. 
PCR was performed with equal amounts of total DNA (10 
ng) in both groups and miniduplications were detected in 17 
(63%) controls and 14 (58%) patients. The higher frequency 
of miniduplications detected in our study could be explained 
by the use of different PCR conditions leading to a more 
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efficient amplification. We detected four different bands that 
corresponded to duplications of approximately 150, 190, 
260 and 650 bp (Fig. 1). The 190-bp duplication was the 
same duplication described by Lee et al. [5]. The other 
duplications had similar sizes to the ones described previ- 
ously [1,2,4,5,7], but the exact breakpoints were slightly 
different. Although the 260-bp duplication was the first one 
to be described [1], it was not the most frequent, in fact it 
appeared in only two (9%) patients and six (20%) controls 
(Table 1). The 650-bp miniduplication was the most fre- 
quent in both groups, found in 4896 of patients and 3796 of 
controls. Some patients and controls presented two or three 
types of miniduplications at the same time. We detected 
only one band in seven patients and nine controls, and two 
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Fig 1 Detection of four types of mmiduplications of the D-loop. PCR was 
performed with back-to-back primers located at positions 336—357 and 
335-305 of mtDNA (5'—3') This pair of primers can only amplify a 
fragment 1f there is a duplicated region (A) Miniduplications in the D-loop 
of mtDNA were observed m 17 (63%) controls and 14 (58%) patients Four 
different bands could be detected after electrophoresis through a 1% 
agarose gel: 150, 190, 260 and 650 bp (B) The ages of the mdrviduals are 
showed at the top of th2 gel. Panel C shows the breakpoint region of each 
type of miniduplication Nucleotide positions are indicated above and 
below the sequence and direct repeats are underlined There was an 
insertion of a cytosine (*) just before the guanine at nucleotide position 316. 


Table 1 
Detection of four types of miniduplications in patients and controls 


150 bp 190bp 260bp 650bp Total 
(%) (%) (%) (%) (%) 


Patient 5 (24) 4 (19) 2 (9) 10 (48) — 21 (100) 
Control ^ 4(13) 9 (30) 6 (20) 1107) 30000 
Total 9 13 8 21 49 





or three bands in seven patients and eight controls. The 
number of bands obtained were not statistically different 
between both groups, but we observed that one band was 
obtained in individuals with age around 30 years and two or 
more bands around 50 years, suggesting an increase m the 
number of miniduplications with age (Fig. 2). À clear 
correlation between the presence of miniduplication and 
age could be observed when we analysed the age of the 
individuals with and without miniduplications. Minidupli- 
cations were detected mostly in patients and controls with 
higher ages (P«0.001), 40 years for patients (mean-40.4, 
S.E.=4.2) and controls (mean=40.1, S.E.=3.6). Samples 
without miniduplications had a mean age of 18.1 years 
(SE=2.6) for controls and 20.7 years (SE=2.7) for patients 
(Fig. 3). Previous studies on patients with mitochondrial 
diseases and miniduplications did not consider the age of the 
patients as a factor for the presence of miniduplications [1— 
4,7]. However, when the age of the subject is informed, we 
could observe that they were older than 35 years in those 
studies: 67 [1], 58 [4], 35 and 42 years [7]. 

The main proposed mechanism for the generation of 
duplications 1n the D-loop is by slipped strand mispairing 
during replication [12—14]. Analysis of nucleotide sequen- 
ces at the breakpoint region demonstrated that duplications 
occurred in regions with polycytosine stretches and perfect 
direct repeats varying from 5 to 11 nucleotides (Fig. 1). 


age 70 
(years ) 





2 or more 
number of bands 


Fig 2. Number of bands detected in patient and control groups The primers 
used for the amplification of miniduplications amplified one, two or three 
bands in the same patient The graph demonstrates that the number of bands 
detected was not increased m the patients but two or more bands were 
detected 1n patients and controls with more than 40 years of age 
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Fig 3 Correlation of age and the presence of miniduplication. 
Miniduplications were detected mostly in patients and controls with higher 
ages ( P«0.001), 40 years for patients (mean=40 4, S.E.=4 2) and controls 
(mean=40 1, S E=3.6). Samples without mmuiduplications had a mean age 
of 18 1 years (S E =2 6) for controls and 20.7 years (S E =2 7) for patients 
No difference could be detected between patients and controls. 


Another interesting feature was that one of the ends of the 
duplicated segment occurred in the same region in all four 
types, around nucleotide positions 306—316. This region 
corresponds to CSB2 (conserve sequence block ID and may 
represent a hot spot for this type of rearrangement. 
Because of the hypothesis that these duplications could 
anse from oxidative damage favoured by a defective RC [7], 
we could expect that the appearance of miniduplications 
would be earlier in patients with mtDNA deletions. However, 
we did not confirm this expectation since the mean age of 
patients with duplications were the same in both groups. 
Furthermore, we could not find increased variety nor quan- 
tity of miniduplications detected in the patients group. 
Quantitation was performed in a total of eight patients and 
eight controls with similar ages. After obtaining the minidup 
ratio, the comparison between patients and controls showed a 
slight tendency of higher values for the patient group but this 
difference was not statistically significant (Fig. 4). Mmidup 
ratio indicates the level of miniduplications in relation to a 
control amplification and was used to compare the amount of 
miniduplications in the patient and control groups. Minidu- 
plications could not be detected by Southern blot (data not 
shown), demonstrating that they were present in very low 
levels in skeletal muscle, only detectable by PCR. 
Brockington et al. [1] suggested that the presence of the 
duplication in the D-loop could increase the likelihood of 
shp replication and hence deletion. In that study, all the 
patients with miniduphcations had deletions flanked by 
direct repeats and in one without flanking repeats the 
duplication was not present. The presence of miniduplica- 
tion was not more frequent in patients and our results did 
not demonstrate an association between presence of direct 
repeats and presence of miniduplication. Among 12 patients 
with deletions flanked by direct repeats, 7 did not present 
miniduplications of the D-loop. There was also one patient 


with a miniduplication but no direct repeats. We could not 
find any other features of the mtDNA deletion that could be 
associated with the presence of miniduplications, such as 
location, proportion, presence of a large duplication and any 
correlation with other clinical features (Table 2). 

Our study demonstrated that miniduplications of the D- 
loop of mtDNA are age-related rearrangements but are not 
increased in patients with a RC defect. The first age-related 
mtDNA mutation described and one of the most studied is the 
4977 bp deletion of mtDNA [15]. This deletion can be 
present at high percentages in patients with mitochondrial 
myopathies [16], but it is also found in very low levels (less 
than 1%) mn aged postmitotic tissues [11]. Other mtDNA 
deletions [17,18] and more recently several point mutations 
in D-loop [19] were also detected in aged tissues. The main 
mechanisms proposed for the appearance of these mutations 
are due to oxidative damage from free radicals generated in 
the RC [20]. This hypothesis is supported by the following 
evidences: increased production of 8-OH dG with age, 
increase in the levels of mtDNA mutations with age, in- 
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Fig. 4 Quantitative analysis of miniduplications in patients and controls 
(A) The amount of miniduplications was estimated by the minidup ratio, as 
described in Materials and methods We studied two groups, eight patients 
and eight age-matched controls with similar age distributions, ranging 
between 11 and 57 years. (B) Because minidup ratio 1s related to age in an 
exponential manner, the values were expressed as log minidup ratio to 
normalize the data and to better visualize the distribution of the results. The 
graph demonstrates that there was a slight tendency of increased values in 
the patient group but there was not statistical significant difference between 
both groups Horizontal lines represent the mean values 


CH Tengan et al / Biochimica et Biophysica Acta 1588 (2002) 65-70 69 


Table 2 


Presence of miniduplications compared to features of the deletion and presence of a large-scale duplication of mtDNA 


Patient Presence of Location of Direct repeats Percentage of Deletion Presence of a 
muniduplication the deletion (number of bases) deleted mtDNA size (bp) large duplication 

1 no 6310-15611 4 60 9300 yes 

2. yes 10951—15372 10 83 4420 no 

3 yes 8482—13460 13 99 4977 no 

4 no ] 8467—13444 6 82 4977 no 

5 no 8482—13460 13 65 4977 no 

6 no 7448—13475 no 53 6027 no 

7 no 8468—13446 10 72 4978 no 

8 no 8482—13460 13 68 4977 no 

9 no 8817—15610 5 69 6792 no 

10 no 12112-14422 10 89 2309 : no 

H yes 9514-13052 no 54 3537 no 

12 yes 8476-14812 7 81 6335 no 

13 yes 6320—11272 19 4952 no 

i4 yes 8477—13592 10 25 5115 no 


creased susceptibility of mtDNA compared to nuclear DNA, 
proximity of mtDNA to a continuous source of free radicals 
(RC), decrease of RC activity with age [21—24]. Bouzidi et 
al. [7] proposes that single-strand breaks, due to free radical 
damage combined with mispairing could explain the gener- 
ation of miniduplications at the level of repeated sequences, 
which are relatively close to each other in the mtDNA D- 
loop. It 1s supposed that a defect of RC would increase the 
leakage of reactive oxygen species from the electron transfer 
chain. Free radicals induce secondary mtDNA mutations 
exacerbating mitochondrial respiratory defects, creating a 
vicious cycle [22]. Although, very attractive, the vicious 
cycle theory is an unproven hypothesis and it is still not 
determined whether age-related mtDNA mutations are gen- 
erated by reactive oxygen species-mediated damage [25]. 
Based on this theory, we would expect an increase in age- 
related mtDNA mutations in patients with RC defects caused 
by high proportions of mtDNA deletions, specially consid- 
ering that high production of lipid peroxides and 8-OHdG 
were found in cybrids harbouring high levels of deleted 
mtDNA [26]. Our results do not support this theory and are 
in agreement with our previous observation that mtDNA age- 
related deletions were not increased in patients with mito- 
chondrial diseases caused by mtDNA point mutations [27]. 
Although it is clear that age-related mtDNA mutations 
accumulate during life, their contribution to the aging process 
is still not confirmed. Pathogenicity of miniduplications in 
the D-loop was not demonstrated in a study of cells homo- 
plasmic for the 260-bp duplication [9]. Moreover, similar 
insertions in mtDNA control region were also found in other 
animals, such as rabbit [12] and monkey [28], suggesting that 
errors in mtDNA replication, leading to insertions, can occur 
during normal life. 
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Abstract 


Hyperglycemia leads to excess production of reactive oxygen species (ROS), lipid peroxidation and protem glycation that may impair 
cellular calcium homeostasis and results m calcium sequestration and dysfunction m diabetic tissues. Stobadine (ST) 1s a pyridoindole 
antioxidant has been postulated as a new cardio- and neuroprotectant. This study was undertaken to test the hypothesis that the treatment with 
ST mhibits calcium accumulation, reduces lipid peroxidation and protem glycation and can change Ca? * Mg? *-ATPase activity in diabetic 
animals. The effects of vitamin E treatment were also evaluated and compared with the effects of combined treatment with ST. Diabetes was 
induced by streptozotocin (STZ, 55 mg/kg i.p.). Some of diabetic rats and their age-matched controls were treated orally with a low dose of 
ST (24.7 mg/kg/day), vitamin E (400—500 IU/kg/day) or ST plus vitamin E for 10 weeks. ST and vitamin E separately produced, in a similar 
degree, reduction in diabetes-mduced hyperglycemia. Each antioxidant alone significantly lowered the levels of plasma lipid peroxidation, 
cardiac and hepatic protein glycation in diabetic rats but vitamin E treatment was found to be more effective than ST treatment alone. 
Diabetes-induced increase 1n plasma triacylglycerol levels was not significantly altered by vitamin E treatment but markedly reduced by ST 
alone. The treatment with each antioxidant completely prevented calcium accumulation in diabetic heart and liver. Microsomal Ca? * ,Mg”* - 
ATPase activity significantly decreased in both tissues of untreated diabetic rats. ST alone significantly increased microsomal Ca? * Mg? +- 
ATPase activity m the heart of normal rats However, neither treatment with ST nor vitamin E alone, nor their combination did change cardiac 
Ca? * Mg?" -ATPase activity m diabetic heart. In normal rats, neither antioxidant had a significant effect on hepatic Ca? * ,Mg? * -ATPase 
activity. Hepatic Ca? * ,Mg? * -ATPase activity of diabetic rats was not changed by single treatment with ST, while vitamin E alone 
completely prevented diabetes-induced inhibition in microsomal Ca? * ,Mg? * -ATPase activity m liver Combined treatment with ST and 
vitamin E provided more benefits m the reduction of hyperglycemia and lipid peroxidation in diabetic animals. This study describes potential 
mechanisms on cellular effects of ST m the presence of diabetes-induced hyperglycemia that may delay or inhibit the development of diabetic 
complications The use of ST together with vitamin E can better control hyperglycema-induced oxidative stress. 
© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


A number of mechanisms, including hyperglycemia, 
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dysfunction leading to cardiovascular, hepatic and other 
complications of diabetes [1,2]. Hyperglycemia has been 
shown to generate reactive oxygen species (ROS) such as 
superoxide radicals from autooxidation of glucose, and 
resultant increase in cellular lipid peroxidation in diabetic 
patients and animals [3,4]. Excess production of ROS may 
lead to cellular injury through nonspecific modification and 
disruption of proteins, phospholipids and nucleic acids [5]. 
Critical sites of ROS attack are the cell membrane and the 
membranes of intracellular organelles. The disruptive effect 
of ROS involves membrane lipid peroxidation and mem- 
brane protein modification, which may produce alterations 
in the membrane structure and function including fluidity, 
permeability, enzyme activity, ion channels and transport, 
and receptor proteins. Data obtained from animals 
and patients with diabetes showed that abnormal intracel- 
lular calcium metabolism is widespread in tissues [6], and 
intracellular calcium levels are increased in many tissues 
including heart [7—10]. Similarly, hepatocyte calcium 
sequestration and turnover are also increased in both acute 
and chronic experimentally induced diabetes [11,12]. The 
activities of membrane ATPases (i.e. Ca? * ,Mg? * -ATPase 
and Na *,K *-ATPase) has been shown to be abnormal in 
diabetic state. Decreased Ca?*-ATPase activity has been 
reported in diabetic heart [7,8,10]. In contrast, streptozoto- 
cin (STZ)-induced diabetes led to an increase in hepatic 
plasma membrane Ca? * -ATPase activity of rats [14]. The 
studies imply that the nature of the alterations is tissue- 
specific and may depend on the level of blood glucose or 
insulin, or both. Membrane Ca? * Mg? * -ATPase is respon- 
sible for the fine-tuning of intracellular calcium and the 
Na*—Ca^* exchanger for rapid ejection of the excess 
calcium that has entered the cell [15]. Insufficient 
C2? * Mg? * -ATPase activity has been suggested as contri- 
buting factor in the development of diabetic cardiomyop- 
athy [7,8]. The effects of ROS on the enzyme may be very 
specific and may include selective alterations of its active 
sites resulting in inhibition of its activity [16— 19]. 
Supplementation with antioxidants has been shown to 
decrease oxidative stress and complications in animal mod- 
els of diabetes [20,21] and in diabetic patients [22]. Diabetes- 
induced defects in the homeostasis and the transport of 
intracellular calcium has been shown to decrease or recover 
by the treatment of diabetic animals with some antioxidant 
compounds, such as N-acetyl cysteine, beta-carotene, vita- 
min E, trolox C and pyndoxine [19,23,24]. Stobadine (ST), 
( —)-cis-2,8-dimethyl-2,3,4,4a,5,9b-hexa-hydro-1H-pyr- 
ido[4,3-b] indole, was shown to be able to scavenge 
hydroxyl, alkoxyl and peroxyl radicals, weakly superoxide, 
and to quench singlet oxygen, to repair oxidized amino acids 
and to preserve oxidation of SH groups by one-electron 
donation [25]. It was demonstrated that in free radical 
generating systems in vitro, ST and some other lipophilic 
and water-soluble antioxidants, including butylated hydrox- 
ytoluene, lipoic acid and vitamin E, are able to decrease the 
effects of oxidative stress on tissue Ca? * -ATPase activity 


and calcium accumulation [16,18,24,26]. We recently 
Showed that the treatment of diabetic rats with a low dose 
of ST attenuates tissue markers of oxidative stress and other 
diabetes-induced abnormalities in brain [27], heart [28] and 
aorta [29]. Since the question of the effect of ST on calcium 
homeostasis in diabetes mellitus has not yet been addressed, 
the main purpose of the present study was to evaluate the 
effects of ST on cardiac and hepatic calcium metabolism in 
STZ-diabetic rats. For this purpose, the amount of calcium 
and the activity of Ca? * -ATPase in heart and liver micro- 
somes of normal and STZ-diabetic rats, treated or untreated 
with ST, were determined. Secondly, we compared the effect 
of ST treatment alone with that of vitamin E. Since different 
antioxidant compounds may act synergistically and some 
combinations may be more effective than any one compound 
alone, the effects of ST plus vitamin E treatment were also 
evaluated and compared with the effects of treatment with 
each agent alone. The effects of ST and vitamin E on plasma 
triacylglycerol levels, lipid peroxidation and tissue protein 
glycation were also measured to elucidate the underlying 
mechanisms. 


2. Materials and methods 
2.1. Induction of diabetes and treatment protocols 


Male Wistar rats, body weight 250—300 g, were fed a 
standard rat chow diet and had access to water ad libitum. 
Diabetes was induced by a single intraperitoneal injection of 
STZ (55 mg/kg body weight) to animals fasted overnight. 
Diabetes was verified 48 h later by measuring tail vein 
blood glucose, and the rats with blood glucose of 300 mg/dl 
or more were considered diabetic. Two days after injection 
of STZ or vehicle, rats were divided into the following 
groups: (1) untreated diabetic rats (n = 12); (2) diabetic rats 
treated with ST (24.7 mg/kg/day, orally) (n—11); (3) dia- 
betic rats treated with vitamin E (alpha-tocopheryl acetate, 
400—500 IU/kg/day, orally) (1 = 11); (4) diabetic rats treated 
with both ST and vitamin E, as given m protocols 2 and 3 
(n— 10); (5) untreated control rats (n—9); (6) control rats 
treated with ST as given in protocol 2 (n = 5); (7) control rats 
treated with vitamin E, as given in protocol 3 (n5); (8) 
control rats treated with ST plus vitamin E as given in 
protocol 4 (n — 5). The dose regimen of ST or vitamin E was 
chosen according to some previous studies [20,25]. The 
animals were treated for a period of 10 weeks beginning 48 
h after either vehicle or STZ injection. “The principles of 
laboratory animal care" (NIH publication no. 85-23, revised 
1985) were observed. 


2.2. Measurement of blood glucose, triacylglycerol and 
thiobarbituric acid reactive substances (TBARS) 


Blood glucose and triacylglycerol concentrations were 
measured by Accutrendë GCT meter (Roche Diagnostics). 
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Fig. 1. Blood glucose levels of control (C) and diabetic (D) animals untreated 
or treated with stobadine (ST), vitamin E (E) or stobadine plus vitamin E 
(ST-- E). Data are reported as means + S.E. The blood glucose concen- 
trations of all diabetic animals were significantly different from the control 
animals untreated or treated with antioxidants Start 2 days later of STZ 
injection. Final: at the end of the treatment period * P«0.05, ** P<0 01 vs 
starting within group. 


TBARS, end products of lipid peroxidation, were meas- 
ured fluorometrically in plasma [30]. 


2.3. Membrane-enriched microsome preparation 


Heart and liver tissues were weighed and homogenised in 
six volumes of freshly prepared buffer A containing: 0.3 
mol/l sucrose, 10 mmol/l HEPES—HCI pH 7.4 and 2 mmol/l 
dithiothreitol. A Teflon/glass homogeniser (Omni mixer 
homogeniser model 18074, Omni Int., CT, USA) was used 
for homogenisation of tissues. The homogenates were 
centrifuged at 85,000 x g for 75 min, the supernatant 
discarded and the pellets were resuspended in the original 
volume of buffer A containing 0.6 mol/l KCl (using four 
Strokes) and centrifuged again at 85,000 X g for 75 min. 
The pellets were then resuspended in the original volume of 
buffer A. After centrifugation at 85,000 x g for 75 min 
(Beckman L 7, Beckman Instruments Inc., Fullerton, CA), 
the pellets were suspended in buffer A (using four strokes) 
at a protein concentration of 2~7 mg/ml. Samples were kept 
frozen at — 60 °C until further use. Isolation procedure was 
performed at +4 °C [31]. 


2.4. Determination of Ca^* -ATPase activity 


Ca? * -ATPase activity was measured spectrophotometri- 
cally (Pye Unicam SP8-100 UV spectrophotometer, PYE 
Unicam Ltd., Cambridge, England), as described previously 
[32]. The incubation medium contained: 120 mmol/l KCl, 
60 mmol/l HEPES, pH 7.0 (at 37 °C), 1 mmol/l MgCh, 0.5 
mmol/l K;-ATP, 0.2 mmol/l NADH, 0.5 mmol/l PEPA, 1 IU 
pyruvate kinase, 1 IU lactate dehydrogenase/ml and 500 
umoll EGTA. After preincubation of the assay medium 
(total volume of 1 ml) for 4 min at 37 °C, 75-ug ATPase 
was added to the medium. After 2 min, the reaction was 
started by addition of 600 pmol/l CaCl). Determination of 
ATPase activity was followed by continuous measurement 
of absorbance at 365 nm. 


2.5. Determination of tissue calcium levels and protein 
glycation 


Tissue calcium levels were analysed by atomic absorp- 
tion spectrophotometry (Perkin Elmer 2380) according to 
the wet-ashing procedure with nitric acid. 

Protein glycation in microsomal fractions was measured 
as described previously [33]. 


2.6. Drugs and statistical analysis 


All chemicals except ST were purchased from Sigma 
Chemical (St. Louis, MO, USA). ST dipalmitate was 
obtained from the Slovak Academy of Sciences. Data are 
expressed as mean + S.E. They were first subjected to 
Bartlett's test for homogeneity of variances and were given 
a log transformation if necessary. One-way analysis of 
variance was then performed, followed by the Student- 
Neuman-Keuls test to estimate the significance of differ- 
ences for individual between-group comparisons. For the 
statistical evaluation of starting and final blood glucose 
concentrations within groups, Student's # test was used. 


3. Results 


The final blood glucose concentrations of untreated 
diabetic rats were about four times higher than in normal 
control rats (Fig. 1). A treatment with each agent alone 
produced a significant fall in blood glucose levels of 
diabetic animals. The magnitude of the blood glucose low- 
ering effect of ST treatment was found to be comparable to 
the effects of vitamin E treatment. Combination of ST and 
vitamin E provided some further benefit on blood glucose 
control; nevertheless, at the end of the treatments, diabetic 
rats were still hyperglycaemic when compared with normal 
control rats (Fig. 1). 

Plasma triacylglycerol concentrations significantly 
increased in untreated diabetic rats (Fig. 2). Single treatment 
with ST resulted in a marked decrease in plasma triacylgly- 
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Fig. 2. Plasma triacylglycerol levels of control (C) and diabetic (D) animals 
untreated or treated with stobadine (ST), vitamin E (E) or stobadine plus 
vitamin E (ST+E). Data are reported as means + S.E *P<0.05, 'P<0 01, 
/P<0 001 vs. untreated-control (C) animals ** P«0.01, *** P«0 001 vs. 
untreated-diabetic (D) animals 
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cerols while vitamin E alone was unable to induce a signifi- 
cant reduction in elevated triacylglycerols of diabetic rats 
(Fig. 2). Combined treatment has no further effect on the 
decreasing of triacylglycerol levels of diabetic animals. 

The levels of TBARS, end products of lipid peroxidation, 
were markedly elevated in plasma of diabetic rats compared 
to those in controls (Fig. 3). This increase was partially 
prevented by treatment with either ST or vitamin E alone. 
In the prevention of plasma lipid peroxidation, the combined 
therapy was significantly more effective than treatment with a 
single agent, and it provided almost normalised plasma 
TBARS in diabetic animals (Fig. 3). 

In normal control rats, treatment with each antioxidant 
studied, as well as their combination, led to a significant 
reduction of cardiac protein glycation. In these animals, 
hepatic protein glycation was also inhibited by ST alone, yet 
not by vitamin E. Glycation of proteins significantly 
increased in heart and liver of untreated diabetic rats (Fig. 
4). In heart of diabetic rats, an increase in protein glycation 
was significantly but not completely prevented by vitamin E 
treatment; while this vitamin completely prevented diabetes- 
induced changes in glycation of hepatic proteins. ST, when 
given alone, was also effective in the prevention of protein 
glycation increase 1n both diabetic heart and liver; however, 
in comparison with vitamin E, the inhibitory effect of ST 
was moderate. When compared with the effect of viatamm E 
treatment alone, the combination of the two antioxidants did 
not provide an additional benefit on either cardiac or hepatic 
protein glycation of diabetic rats (Fig. 4). 

Total calcium levels were markedly increased m heart and 
liver of untreated diabetic rats (Fig. 5). In the heart, treatment 
with either ST or vitamin E resulted in a significant decrease 
in calcium levels in both nondiabetic control and diabetic rats. 
In the treatment with vitamin E alone or two agents together, 
the calcium levels ofthe diabetic heart were found to be lower 
than those of normal control animals. In the liver, neither ST 
nor vitamin E treatment did significantly change calcium 
levels of normal control rats, but in diabetic rats calcium 
overload was completely prevented (Fig. 5). 

Microsomal Ca?* -ATPase activity significantly de- 
creased in heart and liver of untreated diabetic rats (Fig. 6). 
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Fig 3 Effects of stobadine (ST) and vitamin E (E) treatments on plasma 
lipid peroxidation levels (Thiobarbituric acid reactive substances (TBARS) 
of the animals. Data are reported as means + SE #p<0 05, ip<o 01, 
/P<0.001 vs. untreated-control (C) animals ** P«0 01, *** P«0.001 vs. 
untreated-diabetic (D) animals 
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Fig 4 Effects of stobadine (ST) and vitamin E (E) treatments on the 
glycation of proteins in liver and heart of the animals. Data are reported as 
means S.E "P«005, 1P<0.01, /P«0.001 vs untreated-control (C) 
animals *P«005, ** P<0.01, *** P<0 001 vs. untreated-diabetic (D) 
animals 


The inhibitory effect of diabetes on Ca? * -ATPase activity 
was observed to be higher in heart than that in liver. ST alone 
or its combination with vitamin E significantly increased 
microsomal Ca? *-ATPase activity in the heart of normal 
rats. However, neither treatment with ST nor vitamin E 
alone, nor their combination did change cardiac Ca^*- 
ATPase activity in diabetic heart. In normal rats, neither 
antioxidant had a significant effect on hepatic Ca? * -ATPase 
activity. Hepatic Ca? * -ATPase activity of diabetic rats was 
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Fig 5 Tissue calcium concentrations in control (C) and diabetic (D) animals 
untreated or treated with stobadine (ST), vitamm E (E) or stobadine plus 
vitamin E (ST+E) Data are reported as means + S E "P «0 05, tP<0.01, 
/P«0.001 vs untreated-control (C) animals *P«005, **P«001, 
*** P «0.001 vs. untreated-diabetic (D) animals 
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Fig 6 Microsomal Ca? * -ATPase activity in control (C) and diabetic (D) 
animals untreated- or treated with stobadme (ST), vitamin E (E) or stobadine 
plus vitamin E (ST+E). Data are reported as means +S E *P<0.05, 
IP<0.01, /P«0001 vs untreated-control (C) animals *P<0.05, 
** p<001,*** P<0 001 vs untreated-diabetic (D) animals. 


not changed by the treatment with single ST, while vitamin E 
alone completely prevented diabetes-induced inhibition in 
microsomal Ca? * -ATPase activity in liver (Fig. 6). 


4. Discussion 

Abundant information is now available on changes in 
plasma membrane and subcellular organelles, which are 
responsible for the impaired intracellular calcium homeo- 
stasis in diabetic cardiomyopathy and other complications of 
diabetes mellitus [6,7,9,10]. Some of these include abnor- 
malities in the following variables: calcium binding, influx of 
calcium through the L-type calcium channels, Na *,K +- 
ATPase activity, Na * —Ca?* exchange, H* —Na * exchange 
and Ca? * ,Mg”*-ATPase activity etc. The Ca? * -ATPase 1s 
the major active calcium transport protein responsible for the 
maintenance of normal intracellular calcium levels in a 
variety of cell types. Maintenance of the cation gradient by 
Ca? * -ATPase 1s of fundamental importance in the control of 
hydration, volume, nutrient uptake and fluidity of cells, and is 
also essential for the contractility and excitability properties 
of muscles [6,7]. In the present study, microsomal 
Ca? * Mg? * -ATPase activity was depressed by STZ-diabetes 
in heart and liver of rats. This event was accompanied to 
increased total calcium levels. Our findings are in agreement 
with previous observations showing that the membrane 
abnormalities in Na *,K * -ATPase, Na* —Ca?* exchange 
and Ca?*-pump activities led to the occurrence of intra- 
cellular calcium overload in experimental rat models of 


diabetes [7,10,13,34]. Depressed myofibrillar and sarcolem- 
mal Ca? * -ATPase activity and sarcoplasmic reticulum cal- 
cium uptake were reported as important mechanisms 
responsible for the cardiac dysfunction and cardiomyopathy 
exhibited by insulin-deficient (Type I) diabetic animals 
[7,10,13,34]. 

The increased intracellular concentration of calcium may 
be explained by the osmotic activity of high glucose (cell 
shrinkage), demonstrated to activate G protein(s), most likely 
through a stretch receptor, which in turn stimulates calcium 
channels inhibitable by verapamil, nifedipine and amlodi- 
pine, thus permitting a calcium influx into cardiac myocytes 
[9]. The increased cardiac affinity for calcium in diabetic rats 
was also reported to be due to changes in sarcolemmal lipid 
bilayer composition secondary to diabetes-induced hyper- 
lipidaemia [35]. Diabetes-induced hyperlipidemia and the 
alterations in membrane phospholipids and fatty acids have 
been shown to depress membrane-bound enzyme activities, 
which influence intracellular calcium metabolism resulting in 
cardiac dysfunction [34]. As indicated before, plasma mem- 
brane and the membranes of intracellular organelles are 
crucial targets of ROS attack. Oxidative insult was found to 
lead to a decrease in Ca? * -ATPase activity in heart [36,37] or 
brain microsomes [18]. Decreased membrane fluidity 
induced by increased oxidative stress has been linked with 
the aforementioned abnormalities in calctum metabolism 
[18]. The present study provided once again evidence that 
there are significant increase in plasma triacylglycerol levels 
and the peroxidation of lipids in diabetic animals. As it is well 
known, hyperglycemia results m increased oxidative stress 
from excessive ROS production from the auto-oxidation of 
glucose and glycated proteins [2,5,38]. The increased ROS 
activity initiates peroxidation of lipids and MDA accumu- 
lation, which in turn can stimulate glycation of proteins in 
diabetes [4,38]. Another possibility involves the modification 
of enzyme molecules either by direct oxidation or by mod- 
ification mediated by products of lipid peroxidation [39]. A 
decrease in ATPase enzyme activity in any diabetic tissue 
could be due to excessive nonenzymatic glycation of the 
enzyme itself and/or of calmodulin [40]. Ca? * -ATPase was 
shown to be particularly sensitive to cross-linking and the 
concomitant decrease in protein rotational mobility due to 
protein aggregation [36]. In the present study, cardiac and 
hepatic protein glycation was markedly increased 1n STZ- 
diabetic rats; in the light of previous observations, both 
glycosylation of enzyme proteins and/or inhibition of its 
activity by lipid peroxidation products seem to be major 
contributing factors associated with abnormal calcium 
homeostasis in diabetic animals. 

In the present study, we demonstrated for the first time 
that 10 weeks of ST treatment completely prevented cardiac 
and hepatic calcium accumulation without a significant 
amelioration in Ca? * -ATPase activity m STZ-diabetic rats. 
The magnitude of this effect of ST was parallel with the 
same effect of vitamin E in both tissues; a combination of 
ST plus vitamin E did not produce a further effect on total 
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calcium amount in diabetic tissues. On the other hand, the 
effect of each antioxidant on microsomal Ca? *-ATPase 
activity was tissue-specific. In heart of normal control rats, 
ST treatment alone led to an increase m Ca?*-ATPase 
activity, but did not produce a significant change in 
depressed Ca**-ATPase activity in diabetic rats. In liver, 
however, ST treatment alone had no significant effect on 
Ca? * -ATPase activity in either control or diabetic animals. 
In diabetic animals, vitamin E, although unable to prevent 
Ca?*-ATPase depression in heart, completely protected 
hepatic Ca**-ATPase activity from the destructive effect 
of STZ-diabetes. In addition, neither ST nor vitamin E did 
alter hepatic Ca2 * -ATPase activity in normal animals. 
Previous studies have reported that supplementation with 
some antioxidants prevents lipid peroxidation, hemoglobin 
glycosylation and inhibition of Na*,K*-ATPase and/or 
Ca? * -ATPase activity caused by hyperglycemia in various 
cells [19,23,24]. The exact mechanism(s) of the effects of 
the both antioxidants on abnormal intracellular calcium 
regulation of diabetic heart and liver are not fully known. 
As demonstrated previously, ST prevents the decrease in 
membrane fluidity and nonspecifically inhibits various 
excitable channels, and diminishes in a concentration- 
dependent manner calcium (L-type) inward currents [25] 
that may account for its preventive effect on calcium 
accumulation in diabetic tissues. In endoplasmic reticulum 
membranes of synaptosomes and erythrocytes, ST has been 
shown to attenuate calcium permeability already increased 
by a free radical generating system in vitro [16,18]. In this in 
vitro system, brain Ca^ * -ATPase activity was protected by 
ST, and the efficiency of ST to prevent calcium transport 
changes was demonstrated to depend on the presence of 
glutathione and was similar to that of a good chain-breaking 
antioxidant, butylated hydroxytoluene [18]. In the afore- 
mentioned study, in contrast to ST, vitamin E was shown to 
be less potent to confer the defence against ROS-induced 
changes in calcium regulation [18]. It has been suggested 
that inhibition of Ca^*-ATPase is not based on direct 
protem modifications, but is rather mediated by changes 
in membrane fluidity and protein- lipid interaction [18]. In 
the present study, we observed that in vivo treatment with a 
low dose of ST partially prevented glycation of cardiac and 
liver proteins and the peroxidation of plasma lipids. These 
effects of ST treatment alone were less potent than the 
corresponding effects of vitamin E treatment in diabetic 
animals. It has been shown that ST inhibits protein glycation 
and lipid peroxidation [25,41,42]. The inhibitory effect of 
ST on hyperglycemia-induced lipid peroxidation could be a 
result of the scavenging of ROS. ST was shown to be able to 
scavenge hydroxyl, alkoxyl and peroxyl radicals, weakly 
superoxide, and to quench singlet oxygen, to repair oxidized 
amino acids and to preserve oxidation of SH groups by one- 
electron donation [25]. The protein glycation-inhibiting 
effect of ST has been demonstrated in an experimental in 
vitro glycation model [42]. Since ST did not affect the 
covalent binding of glucose, the protective effect of ST has 


been attributed to its ability to eliminate free radical inter- 
mediates of glyco-oxidation reactions, operative after the 
preceding glycation step [42,43]. ST inhibits glucose- 
induced chromo- and fluorophore formation, interferes with 
metal-catalysed oxidation reaction following after the gly- 
cation step and limits the damage from glycation-induced 
processes [43]. Blood-glucose-lowering effect of ST treat- 
ment, started 2 days later of STZ injection, might be directly 
related to its free radical (peroxyl radicals) scavenging 
properties, which may protect pancreatic beta cells against 
the STZ toxicity [25]. 

Vitamin E treatment alone completely prevented protein 
glycation in diabetic liver, which was parallel with the 
protection of microsomal Ca?^*-ATPase. This implies that 
impaired Ca^*-ATPase is more likely a consequence of 
increased protein glycation in diabetic tissue. This phenom- 
enon, however, may be valid for diabetic liver only. In the 
heart of diabetic animals, the findings suggest that other 
factors are also involved in the regulation of calcium homeo- 
stasis affected by ST and vitamin E These factors seem 
unlikely to be directly linked with lipid peroxidation since 
both antioxidants significantly prevented overproduction of 
lipid hydroperoxides both in plasma (as observed in this 
study) and in heart [28] of diabetic animals. In earlier studies, 
other investigators found that administration of vitamin E in 
a combination with other antioxidants, N-acetyl cysteine, 
beta-carotene and vitamin C, prevented both diabetes- and 
galactosemia-induced elevations in oxidative stress, and 
protected myocardial and retinal Na *,K"-ATPase and 
Ca? * -ATPases against oxidative damage [19,44]. Another 
report stated that pre-treatment of animals with vitamin E 
attenuated depression in sarcoplasmic reticulum calcium 
transport, intracellular calcium accumulation and heart dys- 
function in catecholamine-induced cardiomyopathy [26]. 
Vitamin E can block the glycation of proteins by inhibiting 
MDA formation [38]. However, some reports suggest that 
the Ca? * -releasing and/or -retaining effects of alpha-toco- 
pherol may be independent of pro- and/or antioxidant 
activities [45]. 

Our study provided the first evidence that a low dose of 
ST is able to lower blood glucose and triacylglycerol levels 
and to prevent lipid peroxidation, protein glycation and 
tissue calcium accumulation in STZ-diabetic rats. The 
inhibitory effect of ST on calcium overload seems to be 
dependent largely on its aforementioned beneficial effects 
but is unlikely to be directly linked with the membrane 
Ca?* -ATPase activity since ST treatment is unable to 
prevent Ca? * -ATPase reduction in diabetic heart and liver. 
The increasing effect of ST on cardiac Ca? * -ATPase activ- 
ity in normal control rats may be attributed to its lowering 
effect on calcium amount in this tissue. On comparing the 
two compounds, vitamin E was found to be more effective 
than ST in the prevention of lipid peroxidation and protem 
glycation. These antioxidants provide more benefits only 1n 
the prevention of diabetes-induced hyperglycemia and lipid 
peroxidation when used in combination for the treatment of 
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diabetes. In addition, ST is a potent inhibitor of plasma 
triacylglycerol levels. This study describes potential mech- 
anisms on cellular effects of ST in the presence of hyper- 
glycemia that may delay or inhibit the development of 
diabetic complications. The use of both antioxidants 
together can provide a better control on hyperglycemia- 
induced oxidative stress. 
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Abstract 


The human pyruvate dehydrogenase complex (PDHC) catalyzes the thiamine-dependent decarboxylation of pyruvate. Thiamine treatment 
is very effective for some patients with PDHC deficiency Among these patients, five mutations of the pyruvate dehydrogenase (E,)a subunit 
have been reported previously: H44R, R88S, G89S, R263G, and V389fs All five mutations are in a region outside the thiamme 
pyrophosphate (TPP)-binding region of the E,o subumt. We report the biochemical and molecular analysis of two patients with clinically 
thiamme-responsive lactic acidemia. The PDHC activity was assayed using two different concentrations of TPP. These two patients displayed 
very low PDHC activity ın the presence of a low (1 X 10^ * mM) TPP concentration, but their PDHC activity significantly increased at a 
high (0.4 mM) TPP concentration. Therefore, the PDHC deficiency in these two patients was due to a decreased affinity of PDHC for TPP. 
Treatment of both patients with thiamine resulted in a reduction in the serum lactate concentration and clinical improvement, suggesting that 
these two patients have a thiamme-responsive PDHC deficiency. The DNA sequence of these two male patients’ X-linked E,a subunit 


revealed a point mutation (F205L and L216F) within the TPP-binding region in exon 7. 


@ 2002 Elsevier Science B V. All rights reserved. 
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1. Introduction 


The human pyruvate dehydrogenase complex (PDHC) 
catalyzes the thiamine-dependent decarboxylation of pyru- 
vate, and plays an important role in energy metabolism of 
the cell since it is an essential and rate-limiting enzyme 
connecting glycolysis with the tricarboxylic acid cycle and 
oxidative phosphorylation. Defects in PDHC are a common 
cause of primary lactic acidemia. Clinical symptoms can 
vary considerably in patients with PDHC deficiencies [1]. 
Thiamine treatment is very effective for some patients with 
PDHC deficiency. The majority of PDHC deficiencies result 
from mutations in the X-linked pyruvate dehydrogenase 
(E,)a subunit gene [2,3]. The E1 component also contains 
a thiamune pyrophosphate (TPP) binding site that is shared 
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by the a and B subunits [1,2]. In this study, we describe two 
male patients with a point mutation (F205L and L216F) 
within the TPP-binding region of the E,« subunit. 


2. Materials and methods 
2.1. Patients 


2.1.1. Patient 1 

A boy weighing 1464 g at birth was born at 34 weeks of 
gestation. At 10 months of age, he suddenly developed 
marked generalized muscle hypotonia and weakness, while 
suffering from examthema subitum. He was admitted to the 
hospital for evaluation. On admission, his blood lactate 
concentrations ranged between 8.1 and 6.9 mM, and his 
pyruvate concentrations between 1.1 and 0.76 mM. with 
lactate/pyruvate ratios between 7.4 and 9.2. The concen- 
trations of lactate and pyruvate 1n the cerebrospinal fluid 
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(CSF) were significantly elevated at 8.2 and 12 mM, 
respectively. Amino acid analysis of his plasma showed 
an elevated alanine concentration of 1497 pmol/l normal 
range, 320 to 480). He responded to 100 mg/day of thi- 
amine. His blood lactate and pyruvate concencrations 
decreased to 2.7 and 0.4 mM, respectively. After treatment 
with a high dose of thiamine, the muscle weakness 
improved, and he was able to walk. He no longer de-eloped 
generalized muscle hypotonia and weakness during febrile 
illness, and his condition remained relatively stable at the 
age of 2 years and 10 months. CT and MRI scans of the 
patient’s brain showed no abnormalities. 


2.1.2. Patient 2 

The second patient was an 8-year-old boy, the second 
child of healthy unrelated parents; his sister was healthy. He 
was clinically normal at birth and during his first 2 rears of 
life. At 24 months, he developed an ataxic gait and muscle 
weakness during a febrile illness, and he could not walk. He 
was admitted to the hospital for evaluation. On admission, 
his blood lactate (6.2 mM) to blood pyruvate (0.6 mM) ratio 
was 10.3. The concentration of lactate and pyruvate 1n the 
CSF were elevated at 5.1 and 0.64 mM, respectively. An 
MRI of the brain showed a bilateral hypointense signal on 
the T1 weighted images in the basal ganglia. He rece ved 60 
mg/day of thiamine. After the start of thiamine therzpy, his 
blood lactate and pyruvate concentrations decreasec to the 
normal range, and he was able to walk without support. His 
muscle weakness and ataxia decreased and he cid not 
develop metabolic acidosis during febrile illnesses. The 
abnormality on the brain MRI improved. He showed normal 
development with only a slight gait disturbance after -he age 
of 6 years and was admitted to an elementary schocl. 


2.2. Enzymatic assays 


Lymphoblastoid cell lines derived from two patierts with 
clinically thiamine-responsive lactic acidemia were estab- 
lished and cultured in RPMI 1640 medium (Nissui, Tokyo) 
contaming 3 X 10 75 mM thiamine-HCl as previously 
described [4]. The activities of the PDHC and E1 in cultured 
lymphoblastoid cells were assayed at two different concen- 
trations of TPP (0.4 and 1 X 10 ` ^ mM) [4]. The concen- 
tration of TPP in normal human blood is 1 X 1074 mM [5]. 
Protein concentrations were measured by the metaod of 
Lowry et al. [6] with bovine serum albumin as a stendard. 


2.3. Assay of rate of [1-'*C]pyruvate decarboxylaticn 


The rate of [1-'*C]pyruvate decarboxylation was meas- 
ured by a modification of the method of Naito et al. [7]. 
Bnefly, intact lymphoblastoid cells were harvested, washed, 
and suspended with PBS. After premcubation with o7 with- 
out thiamine-HC] (4 mM) for 60 min, the cells were 
incubated in 0.2 ml of PBS containing 2.5 mM [1-^C]pyr- 
uvate (0.1 mCi/mmol) in closed vessels at 37 °C for =0 min. 


2.4. Molecular analysis of the PDHC-E a gene 


The great majority of PDHC deficiencies result from 
mutations in the E,e: subunit gene [3]. Mutation analysis of 
the Eja gene was performed using genomic DNA from 
cultured lymphoblastoid cells. For genetic analysis of the 11 
exons of the E;a gene, individual exons of the gene were 
amplified using primer pairs and conditions as described 
previously [8]. These fragments, used to detect single-strand 
conformation polymorphisms (SSCP), were sequenced 
directly using appropriate amplification primers. SSCP 
analysis was performed using the GeneGel Exel kit (Amer- 
sham Pharmacia Biotech UK Ltd., Bucks, UK). Sequence 
analysis was performed by an automated ABI 377 autose- 
quencer using a dye-terminator kit (Applied Biosystems, 
Norwalk, CT). 


3. Statistical analysis 


Statistical analysis of the biochemical data was per- 
formed using Student's t-test. A value of P<0.05 was 
accepted as statistically significant. 


4. Results 
41 Activities of PDHC 


Two thiamine-responsive patients showed apparently low 
activity of PDHC in the presence of low (1 X 10 ` * mM) 
TPP, as shown in Table 1, but their PDHC activities 
significantly increased at a high (0.4 mM) TPP concentra- 
tion. Most strikingly, the PDHC activity of patient 2 
increased to within the normal range. The mother of patient 
2 also had a low activity of PDHC under low TPP concen- 
trations, but the PDHC activity was normal at a high TPP 
concentration. Therefore, the PDHC deficiency in these two 
patients and the mother of patient 2 was due to a decreased 
affinity of PDHC for TPP. 


Table 1 
Activities of PDHC in cultured lymphoblastoid cells 


PDHC (nmol/min/mg protein) 
With 12 107^ mM TPP With 04 mM TPP 











Patient 1 0 05 + 0.02* (4) 265+0.38** (4)0 
Patient 2 182+011* (4) 3.24 + 0 33 (4) 
Mother of Patent 2. 2.34 + 021* (3) 434 

Controls 3 99 + 0.31 (6) 401 + 0 66 (10) 





PDHC. pyruvate dehydrogenase complex, TPP: thtamme pyrophosphate 
? DCA-activated PDHC values are the means +S D of (m) determi- 
nations or the result of a single determination 
* P«0001 vs controls 
** P<001 vs controls. 
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4.2. Affinity of PDHC for TPP 


We investigated the affinities of normal and mutant 
PDHC for TPP. As shown in Fig. 1, normal cells showed 
approximately 50% of maximal PDHC activity in the 
absence of TPP, and the addition of 1 X 10~> mM TPP 
restored full activity, with no further change in PDHC 
activity at higher concentrations of TPP. However, cells 
from the two thiamine-responsive patients showed signifi- 
cantly lower PDHC activity at the 1 X 10^? mM TPP 
concentration. The addition of a high concentration (0.4 
mM) of TPP restored activity to 66% and 81%, respectively, 
of the maximal PDHC activity of normal cells. 


4.3. Affinity of El jor TPP 


To investigate the affinity of E1 for TPP, we measured 
the activities of DCA-activated E1 in the presence of 0.4 and 
1 x 10 -3 mM TPP (Table 2). There was no difference in 
the E1 activity of normal controls in the presence of 0.4 and 
1X 10~* mM TPP. In contrast, the activity of DCA- 
activated E1 of the two patients was significantly lower in 
the presence of 1 X 1071 mM TPP, and the addition of a 
high TPP concentration (0.4 mM) increased the average 
activity to 36% and 64%, respectively, of the controls. Thus, 


5.0 
3 
2 
° 
S 4d 3 
Oo 
E 
— 
£ 
£ 31 
š 
£ / 
£1 g 
2 
° 
Gç 
° a 
AL 
a 


j L @| 
0 10 10 10 a ww! 
TPP (mM) 


Fig. 1 Effect of TPP on the activity of DCA-activated PDHC in cultured 
lymphoblastoid cells from normal subjects and two patients with thiamine- 
responsive lactic acidemia. The activity of PDHC m cultured lympho- 
blastoid cells 1s shown at various concentrations of TPP O, normal 
controls, @, patient 1, E, patient 2. 


Table 2 
Activities of El in cultured lymphoblastoid cells 


E1 activity (nmol/h per mg protein)" 
With 1 X 1074 mM TPP With 0.4 mM TPP 


Patient 1 0.23 + 0 13* (3) 1.41 + 0.51 ** (3) 
Patient 2 0.61 + 027* (3) 2.54 030 (3) 
Controls 3.17 + 0 19 (5) 395 + 1.06 (7) 


El: pyruvate dehydrogenase; TPP thiamine pyrophosphate. 

* DCA-activated E1 values are the means + S D. of (n) determinations 
or the result of a single determination. 

* P«0001 vs controls. 

** P<001 vs controls. 


the E1 of these two patients also showed decreased affinity 
for TPP. 


44. Rate of [1-'*C]pyruvate decarboxylation m intact 
lymphoblastoid cells 


During incubation without thiamine-HCl, intact lympho- 
blastoid cells from the two patients with thiamine-respon- 
sive PDHC deficiency showed decreased decarboxylation 
rates of 25% and 2296, respectively, of the controls. How- 
ever, during incubation with 4 mM thiamine-HCl, the 
decarboxylation rate of these two patients increased mark- 
edly to 45% and 49%, respectively, of the controls. In 
contrast, the decarboxylation rate of the normal controls 
scarcely increased (Table 3). Thus, pyruvate decarboxyla- 
tion by intact lymphoblastoid cells from these two patients 
were also thiamine-responsive. 


4.5. Mutation analysis of the E;a. subunit 


DNA sequence analysis of the two patients! X-linked 
E,a subunit revealed a substitution within the TPP-binding 
region in exon 7 of the Ea subunit. The genomic sequence 
of patient 1 had a C — G point mutation at nucleotide 615, 
resulting in the substitution of leucine for phenylalanine at 
position 205 (F205L), and the genomic sequence of patient 
2 had an À — C point mutation at nucleotide 648, resulting 
in the substitution of phenylalanine for leucine at position 
216 (L216F) as shown in Fig. 2. The genomic sequence of 
the mother of patient 2 yielded A and C at nucleotide 648, 


Table 3 
Rate of [1-'^C]pyruvate decarboxylation m intact lymphoblastoid cells 


Pyruvate decarboxylation (nmol/h/mg protein) 
Without thiamine-HCl With thiamimne-HCl 


Patient 1 199+63* (4) 359453* (4) 
Patient 2 172+40* (3) 38.9 + 5.2* (4) 
Controls 786472 (4) 80.0 + 5.8 (3) 


HCI: hydrochlonde, ` 
Values are the means + S D. of (n) determinations or the result of a single 
determination. 

* P<0.001 vs controls. 
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A Patient 1: exon 7 


wild type mutant 


Phe Leu 


AT AT T C G A A AT A LI Q G A 


Patient 2: exon 7 


wild UE mutant 


A A A I T AC C T A A A rt C C C T 


s 


Fig 2 Amplified genomic fragments for the 11 exons of the Eja subunit 
gene from two patients were sequenced and analyzed (A) The genomic 
sequence for exon 7 of patient 1 has a C — G pomt mutation at nucleotide 
615, resulting in a substitution of leucine for phenylalanine at position 205 
(F205L) (B) The genomic sequence for exon 7 of patient 2 has an A— C 
point mutation at nucleotide 648, resulting m a substitution of phenyl- 
alanine for leucme at position 216 (L216F) 


resulting in a heterozygote for the L216F mutation (data not 
shown). 


5. Discussion 


Defects in PDHC are an important cause of congenital 
lactic acidemia in children. The great majority of PDHC 
deficiencies result from mutations in the X-linked Eja 
subunit gene [2,3]. The El subunit also contains a TPP 
binding site that is shared by the a and B, subunits [1,2]. 
Therefore, the E,a subunit plays an important role in the 
thiamine-dependent decarboxylation of pyruvate. It has 
been pointed out that the Eja subunit carries the TPP 
binding motif GDG X26/27 NN common to all TPP-utiliz- 
ing enzymes [1,9], and it is thought to be the region from 
amino acid 195 in exon 6 to amino acid 225 in exon 7 [9]. 
Thiamine treatment is very effective for some patients with 
PDHC deficiency. Among these patients with PDHC defi- 
ciency responding to thiamine therapy, five mutations in the 
E;o subunit gene have been reported previously: H44R, 
R88S, G89S, R263G, and V389fs [4,10—12]. All five 
mutations are in a region outside the TPP-binding site of 
the E,o subunit. Recently, the roles of specific amino acid 
residues in these two mutations (H44R and R263G) were 
investigated using site-directed mutagenesis, and two muta- 
tions had an increase m their apparent K,, value for TPP 


[13,14]. Therefore, thiamine responsiveness of these two 
mutations is supported by a change in the Km value for TPP 
observed in the recent study [13,14]. 

In this study, we described two clinically thiamine- 
responsive male patients who had a point mutation 
(F205L and L216F) within the TPP-binding region of the 
Eia subunit. Unfortunately, it was not possible to analyze 
the mother of patient 1 for the F205L mutation. We there- 
fore do not know if this is a new or 1nherited mutation, 
although this mutation had been identified previously m two 
patients [15,16]. One patient was a male who died at age 18 
months, with evidence of Leigh disease at autopsy [15]. 
Another male patient (patient 3929) was a 3-year-old child 
with Leigh disease and psychomotor retardation [16]. Both 
male patients showed evidence of Leigh disease and the 
PDHC activities of these two patients were 25% and 36% of 
the normal controls. The PDHC activities of our patient 1 
were 196 and 6696 of the normal controls at two different 
concentrations of TPP as shown in Table 1. In male patients 
with the same mutation (F205L), their cultured cells showed 
quite different PDHC activity. These differences might have 
been due to differences m the TPP concentration m these 
assays of PDHC activity, or differences in the thiamine 
concentration m the culture medium, or differences m the 
cultured cells (skin fibroblasts and lymphoblastoid cells). 
The concentration of thiamine-HCl in the culture medium 
used for our studies was 3 X 10^? mM, but there are 
culture media with various concentrations of thiamine-HCl 
ranging from 3 X 107? to 3X 10 "2 mM [11]. We pre- 
viously reported that the PDHC activities of the patient with 
thiamine-responsive PDHC deficiency (R263G mutation) in 
the presence of 1 x 10 ^ ^ mM TPP was increased to about 
two times by culturing cells m high-thiamine (0.4 mM) 
medium [11]. Thus, it is possible that the PDHC activity in 
the cultured cells with these thiamine-responsive mutations 
might depend not only on the concentration of TPP in the 
reaction mixture, but also on the concentration of thiamine 
in the culture medium or within the cultured cells. 

The L216F mutation of patient 2 is novel [3]. The L216F 
mutation was inherited from his mother, because it was 
found in the genomic DNA of his mother, and the PDHC 
activity of his mother was significantly decreased in the 
presence of low TPP concentration. We believe that the 
F205L and L216F mutations were the cause of their disease: 
aside from the presence of an appropriate defect in thiamine- 
responsive PDHC and El activities, no other mutations 
were found in the E,a subunit gene, and these two muta- 
tions were not present in the genomic DNA from 50 
unrelated controls. A comparison of the PDH Eja amino 
acid sequence from a variety of different sources (pig heart, 
rat liver, mouse liver, and yeast) shows that the amino acid 
205 and 216 ıs phenylalanine and leucine, respectively [17— 
20]. 

PDHC deficiency is generally diagnosed by measuring 
the activity of PDHC in the presence of a high concentration 
of TPP (0.1—0.7 mM) [11]. Two thiamine-responsive 
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patients showed apparently low activity of PDHC in the 
presence of low (1 X 107 * mM) TPP, as shown in Table 1, 
but their PDHC activities significantly increased at a high 
(0.4 mM) TPP concentration. Most strikingly, the PDHC 
activity of patient 2 increased to within the normal range. 
Therefore, ın order to diagnose this type of thiamine- 
responsive PDHC deficiency and to prevent a diagnostic 
error, it is important to measure the activity of PDHC in the 
presence of a low (1 X 10~* mM) as well as a high TPP 
concentration. 

Among the patients with PDHC deficiency caused by 
mutations within the TPP-binding region, five mutations 
have been reported previously: A199T, F205L, M210V, 
W214R, and P217L [3,15,16,21—23]. Because the PDHC 
activity in patients with these mutations was not measured 
1n the presence of low TPP concentrations, no one knows 
whether or not these patients have thiamine-responsive 
PDHC deficiency. These patients are all male, and all the 
mutations except for the M210V mutation caused Leigh 
disease. Therefore, it is possible that the PDHC deficiency 
caused by mutations within the TPP-binding region might 
lead to Leigh disease. However, our two patients had not 
developed Leigh disease by the time of their diagnosis. 
High-dose thiamine therapy might have been effective in 
preventing Leigh disease m our patient. Recently, the roles 
of two mutations (M210V and P217A) within the TPP- 
binding region were investigated using site-directed muta- 
genesis [24]. The apparent Km for M210V mutation 
increased significantly, but P217A mutation did not affect 
the apparent Km value for TPP. Thus, the different sub- 
stitutions within the TPP-binding region can cause different 
functional defects in the E1 enzyme. 

No effective therapy. for congenital lactic acidemia has 
been established. In this study, the clinical symptoms in our 
two patients were improved by high-dose thiamine therapy. 
The clinical thiamine responsiveness in our patients was 
confirmed by in vitro studies showing a thiamine-responsive 
functional defect in the activities of PDHC and EI in the 
lymphoblastoid cells and the decarboxylation rate in intact 
cultured lymphoblastoid cells. The DCA-activated PDHC 
activity in the lymphoblastoid cells was maximal in the 
presence of a high concentration of TPP. These data suggest 
that the concomitant administration of a high dose of 
thiamine and DCA may be required to achieve maximal 
PDHC activity in patients with thiamine-responsive PDHC 
deficiency, especially in patients with an acidotic crisis. 


References 


[1] B.H. Robinson, Lactic acidemia (disorders of pyruvate carboxylase, 
pyruvate dehydrogenase), in CR Scriver, A.L. Beaudet, W.S Sly, D 
Valle (Eds ), The Metabolic and Molecular Bases of Inherited Disease, 
8th edn., McGraw-Hill, New York, 2001, pp. 2275—2295. 

[2] B R. Robinson, N MacKay, K. Chun, M Ling, Disorders of pyruvate 
carboxylase and the pyruvate dehydrogenase complex, J. Inherit 
Metab. Dis. 19 (1996) 452—462 


[3] W Lissens, DL Meirleir, S. Sebeca, I Liebaers, G.K. Brown, RM 
Brown, M Ito, E Naito, Y Kuroda, DS Kerr, LD Wexler, M.S 
Patel, BH Robinson, A Seyda, Mutation in the X-linked pyruvate 
dehydrogenase(E1) œ subunit gene (PDHAL) m patients with a pyr- 
uvate dehydrogenase complex deficiency, Human Mutat 15 (2000) 
209—219. 

[4] E. Naito, M Ito, E. Takeda, I. Yokota, S Yoshijima, Y Kuroda, 
Molecular analysis of abnormal pyruvate dehydrogenase in a patient 
with thiamme-responsive congenital lactic acidemia, Pediatr. Res 36 
(1994) 340-346. 

[5] N Kitamon, Y Itokawa, Pharmacokmetics of thiamin after oral ad- 
ministration of thiamin tetrahydrofurfuryl disulfide to humans, J Nutr 
Sci Vitaminol 39 (1993) 465—472 

[6] O.H. Lowry, NJ Rosebrough, A L Farr, R J. Randall, Protein meas- 
urement with the Folin phenol reagent, J. Biol Chem 193 (1951) 
265-275 

[7] E Naito, Y. Kuroda, E Takeda, I. Yokota, H Kobashi, M Miyao, 
Detection of pyruvate metabolism of skin fibroblasts with dichloroa- 
cetate, Pediatr Res 23 (1988) 561—564. 

[8] J. Matsuda, M Ito, E Naito, I Yokota, Y Kuroda, DNA diagnosis of 
pyruvate dehydrogenase deficiency in female patients with congenital 
lactic acidaemia, J Inherit Metab Dis. 18 (1995) 534—546 

[9] B.H. Robinson, K Chun, The relationships between transketolase, 
yeast pyruvate decarboxylase and pyruvate dehydrogenase of the pyr- 
uvate dehydrogenase complex, FEBS Lett 328 (1993) 99-102 

[10] E Naito, M Ito, I Yokota, T. Saijo, S Chen, M. Maehara, Y. Kuroda, 
Concomitant administration of sodium dichloroacetate and thiamine in 
West syndrome caused by thiamine-responsive pyruvate dehydrogen- 
ase complex deficiency, J Neurol. Sci 171 (1999) 56-59 

[11] E Naito, M Ito, I Yokota, T Sayo, J Matsuda, H. Osaka, S. Kimura, 
Y. Kuroda, Biochemical and molecular analysis of an X-lmked case of 
Leigh syndrome associated with thiamin-responsive pyruvate dehy- 
drogenase deficiency, J Inherit Metab. Dis. 20 (1997) 539—548 

[12] C Marsac, C Benelli, I Desguerre, M. Diry, F. Fouque, L De Meir- 
ler, G Ponsot, S. Seneca, F Poggi, JM Saudubray, M T Zabot, D 
Fontan, W. Lissens, Biochemical and genetic studies of four patients 
with pyruvate dehydrogenase E,« deficiency, Hum. Genet 99 (1997) 
785—792 

[13] S.J Jacobia, L.G Korotchkina, M S. Patel, Characterization of a mis- 
sense mutation at histidine-44 1n a pyruvate dehydrogenase-deficient 
patient, Biochim. Biophys Acta 1586 (2002) 32-42 

[14] S J Jacobia, L.G. Korotchkina, M.S. Patel, Differential effects of two 
mutations at arginine-234 m the a subunit of human pyruvate dehy- 
drogenase, Arch. Biochem Biophys 395 (2001) 121—128. 

[15] H -H.M Dahl, GK Brown, Pyruvate dehydrogenase deficiency in a 
male caused by a point mutation (F205L) m the E,e subunit, Human 
Mutat 3 (1994) 152—155. 

[16] K Chun, N MacKay, R. Petrova-Benedict, A Federico, A Fois, 
D E.C. Cole, E Robinson, B.H Robinson, Mutations m the X-linked 
E,a subunit of pyruvate dehydrogenase: exon skipping, insertion of 
duplicate sequence, and missense mutations leading to the deficiency 
of the pyruvate dehydrogenase complex, Am J. Hum. Genet 56 
(1995) 558—569. 

[17] Y. Urata, K. Koike, S Goto, M. Koike, Novel separation and amino 
acid sequences of x and p subunits of pig heart pyruvate dehydrogen- 
ase, J. Nutr Sci Vitaminol 37 (1991) 257—267 

[18] S Matsuda, K Nakano, S Ohta, T Saheki, Y Kawanishi, T Miyata, 
The a-ketoacid dehydrogenase complexes Sequence similarity of rat 
pyruvate dehydrogenase with Escherichia coli and Azotobacter vine- 
landi a-ketoglutarate dehydrogenase, Biochim Biophys Acta 1089 
(1991) 1-7 

[19] J Fitzgerald, W.M. Hutchison, H.-H M Dahl, Isolation and character- 
isation of the mouse pyruvate dehydrogenase Eja genes, Biochim 
Biophys. Acta 1131 (1992) 83-90 

[20] R H. Behal, K S Browning, L J. Reed, Nucleotide and deduced amino 
acid sequence of the alpha subunit of yeast pyruvate dehydrogenase, 
Biochem. Biophys Res Commun 164 (1989) 941—946 


84 E. Nato et al / Biochimica et Biophysica Acta 1588 (2002) 79-84 


[21] K Chun, N. MacKay, R Petrova-Benedict, B H. Robinson, Mutations Du, M Koh, M. Schelper, M.S Patel, Pyruvate dehydrogenase defi- 
in the X- linked E,a subunit of pyruvate dehydrogenase leading to ciency due to a point mutation (P188L) within the thiamine pyrophos- 
deficiency of the pyruvate dehydrogenase complex, Hum. Mol Genet phate binding loop of the Eja subunit, Hum Mol Genet 4 (1995) 
2 (1993) 449—454. 315-318 

[22] A. Tnpatara, D.S. Kerr, M.M. Lusk, M. Koh, J Tan, M.S Patel, Three [24] A. Tripatara, L G Korotchkina, M.S Patel, Characterization of point 
new mutations of the pyruvate dehydrogenase alpha subunit: a point mutations 1n patients with pyruvate dehydrogenase deficiency role of 
mutation (M181V), 3 bp deletion (-R282), and 16 bp insertion/frame- methionine-181, proline-188, and arginine-349 in the x subunit, Arch 
shift K358SVS > TVDQS), Human Mutat 8 (1996) 180—182 Biochem Biophys 367 (1999) 39—50 


[23] SG Hemalatha, DS Kerr, LD Wexler, MM Lusk, M Kaung, Y 





Biochimica et Biophysica Acta 1588 (2002) 85—93 


BIOCHIMICA ET BIOPHYSICA ACTA 


BB! 


www bba-direct.com 





Selenoprotein expression in endothelial cells from 
different human vasculature and species 


S. Miller?, S.W. Walker?, J.R. Arthur”, M.H. Lewin?, K. Pickard”, F. Nicol, 
A.F. Howie?, G.J. Beckett ™* 


*Clinical Biochemistry, University of Edinburgh, Royal Infirmary, Lauriston Place, Edinburgh EH3 9YW, UK 
>Rowett Research Institute Bucksburn, Aberdeen AB21 9SB, UK 


Received 17 December 2001; received in revised form 11 Apnl 2002, accepted 23 May 2002 








Abstract 


Selenium (Se) can protect endothelial cells (EC) from oxidative damage by altering the expression of selenoprotems with antioxidant 
function such as cytoplasmic glutathione peroxidase (cyGPX), phospholipid hydroperoxide glutathione peroxidase (PHGPX) and thioredoxin 
reductase (TR). If the role of Se on EC function 1s to be studied, it is essential that a model system be chosen which reflects selenoprotein 
expression in human EC derived from vessels prone to developing atheroma. We have used [^Se]-selenite labelling and selenoenzyme 
measurements to compare the selenoprotems expressed by cultures of EC isolated from different human vasculature with EC isolated from 
bovine and porcine aorta. Only small differences were observed in selenoprotein expression and activity m EC ongmatmg from human 
coronary artery, human umbilical vem (HUVEC), human umbilical artery and the human EC line EAhy926. The selenoprotein profile in 
HUVEC was consistent over eight passages and HUVEC isolated from four cords also showed little variability. In contrast, EC isolated from 
pig and bovine aorta showed marked differences 1n selenoprotein expression when compared to human cells This study firmly establishes the 
suitability and consistency of using HUVEC (and possibly the human cell line EAhy926) as a model to study the effects of Se on EC function 


1n relation to atheroma development in the coronary artery Bovine or porcine EC appear to be an inappropriate model. 


Q 2002 Elsevier Science B.V All nghts reserved. 
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1. Introduction 


The intake of selenium (Se) can to be inversely correlated 
with the incidence of atherosclerosis and coronary heart 
disease [1,2]. Oxidative damage to the endothelium is 
thought to be a primary event in the pathogenesis of 
atherosclerosis and Se, added as selenite, can protect the 
EC from such damage by altering the expression of specific 
selenoproteins [3,4]. The intracellular selenoproteins iden- 
tfied to date as having a potential antioxidant function 
include cytoplasmic glutathione peroxidase (cyGPX), phos- 
pholipid hydroperoxide glutathione peroxidase (PHGPX) 
and isoenzymes of thioredoxin reductase (TR). 

Labelling cells with [^Se]-selenite provides a sensitive 
method for assessing the expression of selenoproteins. Since 
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equilibration of exogenous [’°Se]-selenite with the endoge- 
nous pool of Se and selenoproteins can take in excess of 24 
h [5,6], such labelling experiments require incubation with 
[’°Se]-selenite for 36—48 h. Using these techniques to detect 
selenoproteins in human umbilical vein endothelial cells 
(HUVEC), TR has been identified as the predominant 
selenoprotein comprising 43% of the total selenoproteins 
[6]. Both cyGPX and PHGPX are also expressed by 
cultured EC obtained from a number of species including 
humans [4,7,8] but the relative activities of TR in EC 
isolated from different species have not been defined. 

The culture of EC derived from the large vasculature is a 
well-established model for the study of the endothelium. 
Ideally, EC isolated from human coronary arteries would be 
preferred for studies relating to cardiovascular disease in man 
since atheroma is common in these vessels and is a major 
cause of morbidity and mortality. In practice, the human 
umbilical vein is often the chosen source of EC for the study 
of human endothelial function because of its accessibility. 
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Moreover, it is a non-branching vessel with a large intimal 
surface area, making it technically easy to isolate cells. 
Unfortunately, the viability of isolated EC can be modified 
by several factors including foetal stress, maternal anaesthe- 
sia, smoking and other toxins [9,10]. The use of HUVEC and 
other primary cultures of EC is also complicated by genetic 
variability between preparations, limited population dou- 
blings and the requirement for specialised growth factors. 
Arterial and venous EC show differences in the production of 
angiotensin-converting enzyme [11] and their response to 
cytokine stimulation [12]. These observations have led to the 
suggestion that HUVEC, despite being widely used by 
researchers in the field of vascular disease, may not be the 
most suitable model for studying human cardiovascular 
disease [13—15]. 

Bovine aortic endothelial cells (BAEC) and porcine aortic 
endothelial cells (PAEC) are also often used as models to 
Study EC function. PAEC may be a suitable alternative to 
HUVEC since there are similarities between the porcine and 
human cardiovascular system [16]. In addition, porcine aorta 
is subject to atheroma formation and has been used as a model 
for the study of this process [17]. However, variation between 
EC isolated from different species has been acknowledged to 
occur; for example, PAEC, unlike HUVEC and BAEC, do 
not express Factor VIII-related antigen [17]. 

The EC line EAhy926, established by hybridising pri- 
mary HUVEC with A549 human lung tumour cells [18], has 
been used in a number of studies of EC function. EAhy926 
retain many of the differentiated functions common to 
primary EC beyond 100 passages. These functions include: 
the expression of von Willebrand Factor [18]; prostacyclin 
formation [19]; expression of endothelin-1 [20]. The sele- 
noprotein profile of EAhy926 cells has not been previously 
determined, but such work is essential m order to establish 
whether this convenient cell line would provide a suitable 
model for future studies of selenoprotein expression in EC. 

If the role of Se on EC function is to be studied, it is 
essential that a model system be chosen which reflects the 
selenoprotein expression and function of human EC derived 
from vessels prone to developing atheroma. The experi- 
ments reported here use [7°Se]-selenite labelling and 
enzyme measurements to compare the selenoproteins 
expressed by cultures of EC isolated from different human 
vasculature with EC isolated form bovine and porcine aorta. 
The selenoprotein profile of the human EC cell line 
EAhy926 has also been studied. 


2. Methods 

2.1. Isolation and culture of EC 

2 1.1. HUVEC and human umbilical artery endothelial cells 
(HUAEC) 


Human umbilical cords (7100 mm in length) were 
obtained at normal deliveries or Caesarean secuon from 


nonsmoking women. Immediately after delivery, the cords 
were placed into sterile Earle’s balanced salt solution 
(EBSS) containing penicillin (100 units/ml), streptomycin 
(100 ug/ml) and amphotericin B (2.5 pg/ml) and kept at 4 
°C. EC were isolated within 20 h of delivery using a method 
adapted from that described previously by Anema et al. [6] 
and Jaffe et al. [21]. Cells were cultured in Endothelial 
Growth Medium-2 (EGM-2: Biowhittaker, Berkshire, UK) 
containing penicillin (100 units/ml), streptomycin (100 pg/ 
ml) and amphotericin B (2.5 pg/ml) at 37 °C in an 
atmosphere of 5% CO», 95% air. 

The cells showed the morphology characteristic of EC in 
culture previously described by Jaffe et al. [21]. Cells also 
synthesised von Willebrand Factor as determined by an 
indirect immuno-fluorescent detection system. 


21.2 Human coronary arterial endothelial cells (HCAEC) 

These were purchased from Biowhittaker, and tested 
positive for the presence of von Willebrand Factor and 
acetylated LDL (an alternative method for the specific 
characterisation of EC in culture) [22]. The HCAEC also 
displayed the characteristic morphology of EC. HCAEC were 
maintained in EGM-2 containing penicillin (100 units/ml), 
streptomycin (100 ug/ml) and amphotericin B (2.5 ug/ml), 
and cultured at 37 °C in an atmosphere of 5% CO;, 95% air. 


2.1.3. EAhy926 EC line 

EAhy926 cells were kindly donated by Professor Cora- 
Jean Edgell of the University of North Carolina, North 
Carolina, USA. The cells were maintained in high glucose 
(4.5 g/l) Dulbeco’s Modified Eagle's medium (DMEM) 
containing 10% foetal bovine serum (FBS), 5 mM hypoxan- 
thine , 0.02 mM amınopterin, 0.8 mM thymidine, penicillin 
(100 units/ml), streptomycin (100 ug/ml) and amphotericin B 
(2.5 pg/ml). The cells were incubated at 37 °C in an 
atmosphere of 5% CO», 95% air and were passaged weekly 
using 0.25% trypsm—0.02% EDTA solution. EAhy926 cells 
displayed the characteristic morphology of EC in culture and 
stained positive for VWF. 


2.1.4. BAEC 

These were purchased from Biowhittaker. The certificate 
of analysis supplied with this product stated that the BAEC 
tested positive for acetylated LDL. The cells were maintained 
in EGM (Biowhittaker) containing penicillin (100 units/ml), 
streptomycin (100 pg/ml) and amphotericin B (2.5 pg/ml) 
and incubated at 37 °C in an atmosphere of 5% CO», 95% aur. 


2.1.5. PAEC 

Porcine aorta was obtained within 5—10 min of slaughter 
from pigs aged under 2 years and was immediately placed 
into sterile EBSS at 4 °C containing penicillin (100 units/ml), 
streptomycin (100 g/ml) and amphotencin B (2.5 pg/ml). 
EC were isolated within 2—3 h of dissection using a method 
adapted from that previously described by Slater and Sloan 
[16]. Briefly, segments of about 5—10 cm were cut and any 
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minor vessels were ligated. The segments were washed with 
approximately 25 ml of EBSS (prewarmed to 37 °C). One 
end of the aorta was then clamped shut and the opposite end 
infused with 0.1% collagenase in EBSS (approximately 10 
ml). This end was then closed and the cord incubated at 37 
°C in an atmosphere of 5% CO , 95% air. After 15 min the 
segment was gently massaged and the contents collected 
into a sterile universal container. The vessel was then cut 
along its longitudinal axis and the luminal surface gently 
scraped gently with a sterile stainless steel scalpel blade 
angled at approximately 60° to the intimal surface. The 
blade was washed with EBSS and the washings added to the 
cell suspension previously collected. The sample was then 
centrifuged at 450 x g for 10 min and the resulting cell 
pellet was washed with the culture medium [M199 
containing 20% FBS, penicillin (100 units/ml), streptomy- 
cin (100 pg/ml) and amphotericin B (2.5 ug/ml)]. The cells 
were resuspended into a 25-cm? flask and incubated at 37 
°C in an atmosphere of 5% CO», 95% air. The growth 
medium was changed and replaced after 24 h and then on 
alternate days. Cells displayed the characteristic morphol- 
ogy of EC. 


2 2. Time-course of [”’Se]-labelling in HUVEC 


HUVEC were isolated and maintained as described 
previously. For labelling with 7°Se-selenite, cells were 
grown to confluence and the culture medium was changed 
and replaced with fresh medium contaming [”°Se]-selenite 
(0.02 MBq/ml). At time 0, 12, 24, 48, 72 and 96 h, the 
medium was removed from all the flasks and the cells were 
washed three times with EBSS (4 °C). The cells were 
harvested into 20 ml of EBSS by scraping and centrifuged 
at 2000 x g for 10 min at 4 °C. The supernatant was 
aspirated and the cell pellet resuspended in 200 pl of 60 
mM Tris buffer, pH 7.8, containing 1 mM EDTA and 1 mM 
dithiothreitol (Tris buffer) The cells were then lysed by 
sonication whilst kept at 4 °C on ice. 

Protein concentrations were measured using the Bradford 
assay [23] and the samples were diluted to a common protein 
concentration with Tris buffer. The cell lysates were subjected 
to SDS-polyacrylamide gel electrophoresis to separate the 
[^Se]-labelled proteins present in 25 pg of protein. The 
resulting gel was dried and the [’°Se]-labelled selenoproteins 
were visualised by autoradiography using Kodak X-OMAT 
XAR-5 film. 


2.3. The effect of passage number on [’’Se]-tabelling in 
HUVEC 


The intracellular [^Se]-selenoprotem profiles of eight 
passages of a preparation of HUVEC isolated from a single 
umbilical vein were compared. HUVEC were 1solated and 
maintained as described above. The HUVEC from the 
primary isolate (passage zero) were grown to confluence 
and passaged into at least three T75 flasks (passage one). At 


confluence, HUVEC ın two of the T75 flasks were labelled 
with [’°Se]-selenite (0.02 MBq/ml) for 48 h, whilst the third 
was subcultured further to provide passage two. This proce- 
dure was continued until cells had reached passage eight, at 
which point distinct morphological changes were observed, 
such as significant cell enlargement and a partial loss of the 
characteristic cobblestone appearance. 

After a 48-h labelling period, cells from each passage were 
harvested and stored at — 20 °C. Samples were thawed, lysed 
and prepared for separation using SDS-PAGE as described 
above. 


2.4. The [/Se]-labellng of vascular EC isolated from 
different vasculature 


The intracellular selenoprotein profile of HUVEC, 
HCAEC, HUAEC, EAhy926, BAEC and PAEC were 
compared. Each cell type was isolated and maintained 
as previously described above and labelled for 48 h with 
[^Se]-selenite (0.02 MBq/ml) pror to SDS-PAGE elec- 
trophoresis. For HUVEC, the selenoprotein profiles in 
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Fig 2 Autoradiograph of an SDS-PAGE gel of the intracellular 
selenoproteins of HUVEC and HCAEC labelled with [’*Se]-selenite 
(0 02 MBq/ml) for 48 h Lane 1, HUVEC, lane 2, HCAEC. Each lane 
was loaded with 25-ug protem The selenoprotem bands representing 
cyGPX, PHGPX and TR are indicated 
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four different preparations of cells isolated from four 
different cords were also compared. 


2 5. Glutathione peroxidase and TR in EC 


For each cell type the activities of TR, cGPX and 
PHGPX were measured in parallel subcultures of EC grown 
in triplicate 75-cm2 flasks using the same culture medium as 
was used for the Se labelling experiments. The activity of 
the selenoenzymes in EAhy926 cells was measured in cells 
grown in the DMEM culture medium specified above in the 
presence or absence of 40 nM selenite. After culture, cells 
were harvested by scrapping and lysed in 0.125 M potas- 
sium phosphate buffer (pH 7.4) by sonication on ice. TR 
concentration was measured by an in-house radioummuno- 
assay using antiserum raised against human placental TR. 
The activity of TR was determined using 5,5’ -dithiobis 2- 
nitrobenzoic acid (DTNB) as substrate in the presence and 
absence of 720 nM gold thioglucose [24]. The activities of 
cyGPX and PHGPX activity were determined as described 
previously [25]. 


2.6. Se content of culture medium 

The Se content of the culture medium used for each cell 
type was determined using a fluorometric assay as described 
by Olsen et al. [26]. 
2.7. Statistical analysis 

An unpaired Student’s ¢ test (with Welch correction when 
appropriate) was used to test for significant differences 
between the levels of TR, cyGPX and PHGPX. 
3. Results 


3.1. [Se]-labelling in HUVEC 


Fig. 1 (left panel) shows the autoradiograph of a SDS- 
PAGE gel demonstrating the changes in [’°Se]-labelling 


Table 1 

Selenoprotems expressed by EC and the EC line EAhy926 
HUVEC 

CyGPX activity (mU/mg protein) 86407 

PHGPX activity (mU/mg protein) 7.15 + 2 09 

TR concentration (ng/mg protem) 721 + 63 

TR activity (mU/mg protem) 89+060 





over time. Selenoproteins were only faintly labelled after a 
12-h exposure to [’°Se]-selenite. The intensity of labelling 
of all selenoproteins increased up until 48 h, at which time a 
steady state of labelling was achieved. Three major [7°Se]- 
labelled selenoproteins were observed with mean molecular 
masses of 58.1, 21.7 and 24.4 kDa. A selenoprotein of 
approximately 15 kDa was also moderately expressed. A 
number of minor labelled selenoproteins were observed. 

No distinct variations in the pattern of intracellular 
[’°Se]-labelled selenoproteins between four different prep- 
arations of HUVEC were observed (Fig. 1, centre panel) 
and similarly the selenoprotein profile did not change 
over eight passages in HUVEC obtained form a single 
cord (Fig. 1, right panel). 

Using antiserum to rat TR and human TR, we have 
previously identified by Western blotting the 58.1-kDa 
[^Se]-labelled band in HUVEC as TR. Western blotting with 
antiserum to rat testis PHGPX demonstrated an immunor- 
eactive band that co-migrated with the 21.7-kDa [’°Se]- 
labelled band. The same approach using antiserum to human 
cyGPX failed to visualise an immunoreactive band in 
HUVEC. However, purified human cyGPX (Sigma Chem- 
ical Co., Poole, UK) co-migrated with an identical Rf to the 
24.4-kDa protein [’°Se]-labelled band on the SDS-PAGE gel. 
The 58-, 21.7- and 24.4-kDa "Se-selenoproteis observed on 
the autoradiograph of the SDS-PAGE gels were thus consid- 
ered to represent TR, PHGPX and cyGPX, respectively. 


3.2. Selenoproteins expressed by human EC and the cell line 
EAhy926 


The pattern of ["Se]-labelled selenoproteins found in 
HCAEC and HUVEC were almost identical (Fig. 2). TR 
appeared to be expressed to a higher degree in HCAEC than 
1n HUVEC and mass measurements (Table 1) confirmed this. 
No significant difference was observed 1n the activities of 
cyGPX or PHGPX between HCAEC and HUVEC (Table 1). 

The [PSe]-selenoprotein expression in venous EC and 
arterial EC isolated from the same umbilical cord differed 
only slightly. In HUVEC an additional selenoprotein with a 
molecular mass of approximately 27 kDa was labelled, 


HCAEC EAhy926 BAEC 
88 + 0.03 23 + 0.5** 115 £70 

158 + 24 5* 

8.36 + 0.01 4411186 4.54 + 0 76 
125430 

1245 + 335* 871 + 149 ND 
1002 + 267 

24.4 + 0.34** 1174137 106+ 0 16** 


Results for EAhy926 are given for cells grown 1n basal culture medium and results in italics are from cells grown 1n basal medium supplemented with 40 nM 


sodium selenite 


TR was not detectable (ND) 1n BAEC because of the lack of cross-reactivity of the antisera with bovine TR. 


* Results significantly different from HUVEC, P «0 05 
** Results significantly different from HUVEC, P «0 001 
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which was not observed in HUAEC. TR expression in 
HUAEC also appeared to be slightly greater than m 
HUVEC (Fig. 3). 

The pattern of selenoprotein expression in EAhy926 cells 
closely resembled that observed in HUVEC (Fig. 4). The 
levels of TR and PHGPX in HUVEC were not significantly 
different to the levels found in EAhy926 cells grown in the 
basal medium or when supplemented with 40 nM selenite 
(Table 1). The activity of cyGPX in EAhy926 grown in 
basal medium was significantly lower than that found in 
HUVEC, however, EAhy926 cells supplemented with 40 
nM selenite had significantly higher activities of cyGPX 
than HUVEC (Table 1). Supplementation with 40 nM 
selenite significantly (P<0.05) increased the expression 
of TR, cyGPX and PHGPX in EAhy926 cells. 


3.3. Selenoprotein expression in BAEC and PAEC 


Compared to HUVEC, PAEC showed quite distinct 
differences in the pattern of [’°Se]-labelled selenoproteins 
(Fig. 5, left panel). TR was not the most prominently 
labelled selenoprotein in PAEC but rather a selenoprotein 
of 15 kDa. 
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Fig 3. Autoradiograph of an SDS-PAGE gel of the intracellular 
selenoproteins of HUVEC and HUAEC labelled with [’°Se]-selenite 
(0 02 MBq/ml) for 48 h Both HUVEC and HUAEC were isolated from a 
single umbilical cord and samples were taken from duplicate flasks Lanes 1 
and 2, HUVEC, lanes 3 and 4, HUAEC Each lane was loaded with 25-pg 
protein. The selenoprotein bands representing cyGPX, PHGPX and TR are 
indicated 


Molecular 
Mass (kDa) 


94.7 — 


i 


66.2 


450  — 


310 — — 





21.5 


14.4 





Fig 4 Autoradiograph of an SDS-PAGE gel of the intracellular 
selenoproteins of HUVEC and EAhy926 cells labelled with [7°Se]-selenite 
(0 02 MBq/ml) for 48 h Lane 1, HUVEC, lane 2, EAhy926 cells Both 
lanes were loaded with 25-ug protein. The selenoprotein bands representing 
cyGPX, PHGPX and TR are indicated. 


The [^Se]-labelling of many selenoproteins in BAEC 
was significantly less than in HUVEC (Fig. 5, right panel). 
In particular, the expression of the TR band was much less 
in BAEC than HUVEC, an observation that was confirmed 
by activity measurements of TR (Table 1). 


3 4. Se content of culture medium 
The EGM2 used for the culture of HUVEC, HCAEC and 


HUAEC had a Se content of 30 + 2 nM, which was not 
significantly different to the Se content of EGM used for the 
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Fig 5 Left. Autoradiograph of an SDS-PAGE gel of PAEC labelled with [?5Se]-selemite (0.02 MBq/ml) for 48 h The lane was loaded with 25 ug of protem 
Right Autoradiograph of an SDS-PAGE gel of the intracellular selenoprotems of HUVEC and BAEC labelled with [ Se]-selemte (0 02 MBq/ml) for 48 h 
Lane 1, HUVEC; lane 2, BAEC. Both lanes were loaded with 25-ug protem. The selenoprotem bands representing cyGPX, PHGPX and TR are indicated 


culture of BAEC (43 + 10 nM). In both of these culture 
media, Se is present as selenious acid. The Se content of the 
DMEM/10% FCS/HAT culture medium used for the culture 
of EAhy926 cells was 18 +2 nM, with the Se provided by 
the FBS in the form of selenoprotein. The basal M199 
medium used to culture PAEC had no detectable Se content, 
however, since these cells are grown m the presence of 20% 
FBS, the final concentration of Se in this culture medium 
was 36 + 2 nM present as selenoprotein. 


4. Discussion 


These studies indicate that for HUVEC, an incubation 
period of at least 48 h must be employed to achieve 
maximal "Se labelling of selenoproteins (Fig. 1, left panel). 
This contrasts with human thyrocytes where [’°Se]-labelling 
reaches a steady state by 27 h [5]. This difference may be 
due to the variability in selenoprotein turnover between 


tissues and possibly different rates of (’°Se]-selenite uptake 
between cell types. 

In primary culture, HUVEC have a limited replication 
potential, tending to senesce [27] and, in addition, the 
activities of some enzymes have been reported to vary with 
successive passages [28]. We observed no differences in the 
[7>Se]-selenoprotein labelling of HUVEC throughout eight 
passages of the same preparation under identical growth 
conditions (Fig. 1, right panel), arguing that the expression 
of selenoproteins in HUVEC remains constant over at least 
eight passages. In addition, we found that the selenoprotein 
profile in four individual preparations of HUVEC showed 
no marked variability between preparations (Fig. 1, centre). 
We have also confirmed our previous observation that 
HUVEC show dominant expression of the 58.1-kDa sele- 
noprotein, TR [6]. Two other major [’°Se]-selenoproteins 
expressed by HUVEC, which were labelled to a much lesser 
extent than TR, had molecular masses of 21.7 and 24.4 kDa 
and were provisionally identified as cyGPX and PHGPX, 
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respectively. Since identification was based on co-migration 
with purified material and by Western blotting, we cannot 
exclude the possibility that selenoprotems with identical 
molecular mass co-migrate with these peroxidases on the 
SDS-PAGE system. 

EC show functional differences according to the vascular 
bed from which they are derived. Arterial EC differ from 
venous EC in a number of aspects, such as the production of 
angiotensin-converting enzyme, ability to form prostacyclin 
[11] and their cell adhesion molecule response to cytokine 
stimulation [12]. We compared selenoprotein expression in 
a range of primary human EC cells using similar culture 
conditions that included keeping the concentration and 
chemical form of Se in the culture medium constant. The 
[’°Se]-selenoprotein profiles of HUVEC and HCAEC were 
remarkably similar, with the only observable difference 
being a slight increased expression of TR in HCAEC that 
was confirmed by assay of TR concentration. The [’°Se]- 
labelled selenoprotein profiles of EC isolated from the 
human umbilical vein (which 1s arterial-like in the umbilical 
cord) and human umbilical artery of the same umbilical cord 
were also very similar. The most obvious difference was that 
HUVEC expressed an additional selenoprotein (27 kDa) 
when compared to HUAEC (Fig. 2). We did not characterise 
this selenoprotein but it has a molecular mass similar to type 
I iodothyronine deiodinase [29]. 

Distinct differences in the pattern of selenoprotein 
expression between human EC and EC isolated from bovine 
and porcine vascular beds were observed. In HUVEC and 
other human EC studied, TR was the dominantly [^Se]- 
labelled selenoprotein. In PAEC the expression of TR was 
relatively weak, the predominant selenoprotein having an 
approximate molecular mass of 15 kDa (Fig. 5 left panel). 
This 15-kDa [’°Se]-selenoprotein was also found in 
HUVEC but labelled to a lesser extent. The identity of the 
15-kDa selenoprotem was not established, although its 
electrophoretic mobility 1s consistent with it being either 
the uncharacterised 15-kDa selenoprotein described by 
Gladyshev et al. [30] or the Se-containing protein, epider- 
mal fatty acid-binding protein (E-FABP) [30]. Masouyé et 
al. [31] have demonstrated the presence of E-FABP in 
HUVEC but they were unable to detect the protein 1n the 
endothelium of the umbilical vein from which the EC were 
isolated, suggesting that the expression of E-FABP may be 
induced by cell culture. 

The pattern of [”°Se]-selenoprotein expression m BAEC 
also differed considerably from that observed in HUVEC 
(Fig. 5, right panel). The [?°Se]-labelling of the majority of 
selenoproteins was significantly lower in BAEC compared 
to HUVEC and TR expression and activity was consider- 
ably lower in BAEC than in HUVEC (Table 1). The 
expression of selenoproteins is modified by the Se status 
of the cell. However, the Se content and the chemical form 
of Se (ie selenious acid) present in the culture medium for 
HUVEC (EGM2) and BAEC (EGM) were identical. This 
suggests that differing selenoprotein profiles seen in 


HUVEC and BAEC is not a consequence of altered Se 
status. 

The selenoprotein profile found for EAhy926 cells was 
very similar to HUVEV and HCAEC, however, the activity 
of cyGPX in EAhy926 grown in basal medium was sig- 
nificantly lower than in HUVEV or HCAEC (Table 1). 
Inclusion of 40 nM selenite into the basal culture medium 
resulted in significant increases m the expression of each of 
the selenoenzymes, such that cyGPX activity increased to 
levels that were significantly higher than that found in 
HUVEC (Table 1). These data suggest that the small differ- 
ences in selenoenzyme activity observed between HUVEC 
and EAhy926 grown in basal medium are due to the limiting 
supply of Se in the basal medium used to culture EAhy926. 
This basal medium has Se included as selenoprotein incor- 
porated into the FBS. The Se in extracellular selenoproteins 
is not readily available to the cell whilst selenite is rapidly 
taken up by the cell and utilised for selenoprotein synthesis. 

This study has firmly established the suitability and 
consistency of using EC from the human umbilical vein 
as a model to study the effects of Se on EC function in 
relation to atheroma development in the coronary artery. EC 
isolated from pig and bovine aorta showed marked differ- 
ences in selenoprotein profile when compared to human 
cells, particularly as regards the expression of the antiox- 
idant enzyme TR. Only small differences were observed in 
selenoprotein expression and activity in EC originating from 
the coronary artery and other various human vasculature and 
the human cell line EAhy926. 

We conclude that whilst the most appropriate cell culture 
model for the study of selenoprotein expression in athero- 
sclerotic disease in man might be HCAEC, the supply of 
such cells is limited and even then the cells are often 
isolated from diseased vessels. Our studies suggest that 
HUVEC and possibly EAhy926 cells are suitable alternative 
model systems to HCAEC in which the role of selenopro- 
teins in protecting against atheroma formation can be 
studied. 
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Abstract 


Generation of reactive oxygen species and mitochondrial dysfunction has been implicated in doxorubicin-induced cardiotoxicity. This 
study examined pro-apoptotic mitochondrial cell death signals in an H9C2 myocyte rat cell line and in isolated rat heart mitochondria 
exposed to doxorubicin. Mitochondrial and cellular viability were assessed using an MTT viability assay (formazan product formed by 
functional mitochondrial dehydrogenases) and calcein AM dye (fluoresces upon cleavage by cytosolic esterases) Mitochondrial dysfunction 
followed by cell death was observed using nM concentrations of doxorubicin. Significant doxorubicin-induced cell death was not apparent 
until after 6 h following doxorubicin exposure using the calcein AM assay. The involvement of apoptosis 1s evidenced by an increase in 
TUNEL (terminal (TdT)-mediated dUTP-biotin nick end labeling)-positive nuclei followmg doxorubicin treatment. Furthermore, 
doxorubicm administered to isolated mitochondria induced a rapid increase in superoxide production, which persisted for at least 1 h and 
was followed by increased cytochrome c efflux In addition, caspase-3 activity was increased with doxorubicin administration in the H9C2 


myocyte cell line. An oxidant-mediated threshold of mitochondrial death may be required for doxorubicin-induced apoptosis. 


© 2002 Elsevier Science B.V. All rights reserved. 


Keywords Mitochondrion; Hydrogen peroxide; Cytochrome c, Caspase, TUNEL 





1. Introduction 


Doxorubicin is a powerful anthracyclme antibiotic used 
to treat a multitude of human neoplasms; however, cardiac 
toxicity compromises the clinical usefulness of the drug 
[1,2]. It is believed that mitochondria play a significant role 
in this toxicity as isolated heart mitochondria and myocytes 
have been shown to give rise to increased levels of oxygen 
radicals after doxorubicin treatment [3—8]. The chronic side 
effects of doxorubicin are irreversible and devastating for 
the patient and include the development of cardiomyopathy 
and ultrmately congestive heart failure [1,2]. Although 
recent evidence shows that less toxic doses of doxorubicin 
can be used effectively, heart failure in doxorubicin treated 
patients can go undetected for many years [9]. Therefore, it 
1s essential to identify the mechanisms by which doxorubi- 
cin is cardiotoxic so that interventions to prevent the 
cardiotoxic effects of doxorubicin can be developed. 
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Doxorubicin-induced cardiomyopathy is partially caused 
by increased oxidant production in the heart [6,10—14]. The 
mitochondria are believed to be a primary sink for doxor- 
ubicin and specific dehydrogenase systems produce super- 
oxide anions [7]. Single electrons are shuttled to 
doxorubicin, giving rise to oxygen radicals through the 
auto-oxidation of doxorubicin and semiquinones [7,15]. 
Moreover, Kotamraju et al. [6] recently showed that hydro- 
gen peroxide produced from the superoxide anion might be 
the key oxidant responsible for doxorubicin-induced apop- 
tosis 1n endothelial cells and cardiomyocytes. 

Mitochondria play a pivotal role in regulating apoptosis 
by mechanisms such as release of cytochrome c that results 
in the activation of caspases and subsequent cell death 
[16,17]. The mitochondria respond to several signals (i.e. 
reactive oxygen species, altered redox status, and increases 
in calcium levels), which trigger the release of caspase- 
activating proteins, such as cytochrome c and apoptosis- 
inducing factor [18]. The release of cytochrome c from the 
mitochondria into the cytosol can result in the activation of 
caspase-9, which is responsible for activating effector cas- 
pases, such as caspase-3, to induce cell death. 
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This study examined doxorubicin-induced mitochondrial 
dysfunction and pro-apoptotic markers in a rat cardiac 
myocyte cell line and in isolated mitochondria from rat 
heart. In this study, we shaw that mitochondrial dysfunction 
may be an important early step in the regulation of doxor- 
ubicin-induced release of cytochrome c from the mitochon- 
dria. Our results show that when H9C2 cells are exposed to 
very low (nM) concentrations of doxorubicin, a rapid 
decline in mitochondnal reduction potential precedes cell 
death by approximately 6 h, implicating mitochondrial 
dysfunction as an early event in doxorubicin-induced car- 
diotoxicity. In addition, we show that doxorubicin treatment 
to isolated mitochondria causes a rapid increase in radical 
production, which can be maintained for over 1 h. Under- 
standing the time-course of doxorubicin toxicity and the 
underlying causes of doxorubicin-induced cardiomyopathy 
may lead to specific therapeutic interventions that can 
attenuate these effects. 


2. Methods 
2.1. Cell culture 


H9C2 cells (ATCC, Rockville, MD) were maintained in 
DMEM supplemented with 10% FBS in 95% air:5% CO; 
using standard culture methods. Cells were plated 24 h prior 
to doxorubicin treatment at a density of 150 cells/mm’. 

All studies were conducted in the presence of 10% FBS. 
Although growth factors and other possible confounding 
factors are present in the serum, removing the serum from 
the experiments could also confound interpretation through 
altering the baseline viability of the cultures and causing 
apoptotic changes independently of the doxorubicin treat- 
ment. 


2.2. Viability assay 


Cells were rinsed once with PBS followed by incubation 
at (37 °C) with 25 uM calcein AM and 1 mg/ml propidium 
iodide for 15 min. Fluorescence was measured at ex 485/em 
530 and ex 480/em 620, respectively. 3-(4,5-Dimethylthia- 
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction 
was determined by incubating cells with 0.25 mg/ml MTT 
in the culture media at 37 °C for 3 h. Formazan crystals 
were solubilized by overnight incubation in 50% N,N- 
dimethyl formamide, 20% sodium dodecyl sulfate, pH 4.8 
and absorbance determined at 575 nm. 


2.3. Mitochondrial isolation 


Mitochondria were immediately, isolated from the ven- 
tricles of a rat heart as previously described [19]. Briefly, 
tissue was weighed and minced in 10 volumes of isolation 
buffer (0.225 M mannitol, 0.075 M. sucrose, 0.2% fatty acid 
free bovine serum albumin, pH 7.4). The tissue was homo- 


genized in a Potter-Elvehjem glass homogenizer and cen- 
trifuged for 7 min at 480xg. The resulting supernatant was 
stored on ice while the pellet was resuspended in 5 ml of 
isolation buffer and centrifuged for 7 min at 480xg. The 
combined supernatants were centrifuged for 7 min at 
7700xg. The supernatant was decanted and the mitochon- 
drial pellet was resuspended in 5 ml of wash buffer (0.225 
M mannitol, 0.075 M sucrose, 0.001 M EGTA, pH 7.4) 
using a cotton swab so as not to break the mitochondria and 
then centrifuged for 7 min at 7700Xg. The final mitochon- 
drial pellet was resuspended in 1 ml of storage buffer (0.25 
M sucrose, 0.002 M EDTA pH 7.4) and immediately used 
for experiments. 


2.4. Superoxide anion measurement 


Superoxide anion generation in isolated rat heart mito- 
chondria was determined immediately following the isola- 
tion procedure. Briefly, mitochondria (0.5 mg/ml) were 
incubated with buffer (6 mM succinate, 70 mM sucrose, 
220 mM mannitol, 2 mM, Hepes, 25 mM KH;PO,, 2.5 mM 
MgChb, 0.5 mM EDTA, 5 pg/ml catalase, pH 7.4) and 10 
uM doxorubicin at 37 °C. At the indicated time points, 40 
uM acetylated cytochrome c was added and the change in 
absorbance at 550 nm was measured for 1 min at 37 °C with 
a Beckman spectrophotometer. Background absorbance for 
all groups was determined by the addition of SOD (1000 
units/ml). 


2.5. Markers for apoptosis 


TUNEL (terminal (TdT)-mediated dUTP-biotin nick 
end labeling) staining was performed using ApoTag Plus 
kit (Intergen Company, Purchase, NY) according to the 
manufacturer's instructions. Caspase-3-like activity was 
measured using the synthetic peptide N-acetyl-DEVD- 
AMC (BD PharMingen, San Diego, CA). This assay 
detects activated caspase-3 and, to a lesser extent, cas- 
pase-6, -7, and -8. Although the caspase-3 assay can 
detect caspase-8, the difference in sensitivity for the two 
caspases in the assay (the assay is 20-fold more sensitive 
for caspase-3) argues that a substantial portion of the 
signal is caspase-3. Caspase-l like activity was measured 
using the synthetic peptide N-acetyl-YVAD-AMC (BD 
PharMingen). Active caspases will cleave the AMC from 
the peptide and the free AMC will fluoresce. Standards 
of active caspase-3 and caspase-l were also prepared. 
Briefly, 1 ml of assay buffer (20 mM HEPES, 10% 
glycerol, 2 mM DTT (2 ul of a 1 M solution) and 14 pl 
of peptide/ml of buffer) and 50 ul of sample were added 
to a microcentrifuge tube and protected from the light. 
Samples were incubated at 37 °C for 60 min (caspase-3) 
or 120 min (caspase-1); after which fluorescence was 
measured on a spectrofluorometer with an excitation 
wavelength of 380 nm and an emission wavelength of 
440 nm. Cytosolic cytochrome c was quantified using an 
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Fig 1 Doxorubicin exposure reduces viability of H9C2 cells. H9C2 cells 
were exposed to very low (nM) and high concentrations (10 uM) of 
doxorubicin Mitochondrial viability was determined using the MTT 
conversion assay and cellular viability was determined by the Calcein AM 
assay 20 h after addition of doxorubicm (see Methods). There was an 
immediate reduction (nm concentrations) ın mitochondrial function 
determmed by MTT conversion rate. Both the 100 nM, 1 uM, and 10 
uM concentrations of doxorubicin are significantly ( P<0 05) different from 
control In contrast, the calcein assay (cellular viability) was not significant 
until 10 uM of doxorubiucin Data were normalized to untreated cells as 
100% and shown as mean-- S E. for 8 wells per group versus vehicle-treated 
cells. *P«0 05 vs control 


ELISA kit from R&D Systems (Minneapolis, MN). The 
cytochrome c assay is calibrated against a highly purified 
natural] rat cytochrome c protein isolated from rat heart. 
Based upon amino acid analysis, the molecular weight of 
this protein is 12.1 kDa and contains less than 5% of the 
reduced form of cytochrome c. This immunoassay rec- 
ognizes both the oxidized and reduced forms of cyto- 
chrome c. Moreover, the cross-reactivity is approximately 
7.2% and the limit of detection is 0.5 ng/ml, while the 
intra-assay and inter-assay precision is between 196 and 
4%, Results were reported as arbitrary fluorescence units 
normalized to milligrams of protein. 


2.6. Protein concentration 
\ 
Cytosolic and mitochondrial protein concentrations were 
determined using the method developed by Bradford [20]. 


2.7. Statistical analysis 


All experiments were performed successfully at least 
three times. Unpaired ¢ tests were used for comparisons 
between two groups and analysis of variance with a Tukey 
post hoc test was used for multiple comparisons. Analysis of 
variance with repeated measure was performed when multi- 
ple time points were recorded from the same sample. All 
statistics were calculated using a statistical package from 
Prism (San Diego, CA). A P value of «0.05 was considered 
significant. 


3. Results 


3.1. Toxic effects of doxorubicin treatment in an H9C2 
cultured myocyte cell line 


We evaluated the role of oxidant production, mito- 
chondrial dysfunction, and apoptosis in doxorubicin tox- 
icity using a myocyte cell line as well as isolated heart 
mitochondria. Doxorubicin exposure resulted in dose- 
dependent toxicity in the H9C2 cardiac myocyte cell line 
as determined by both the MTT and calcein AM viability 
assay (Fig. 1). The conversion of MTT to a formazan 
product by mitochondrial dehydrogenases was used as an 
index of mitochondrial viability, and the calcein AM 
assay, which depends upon cleavage by cytosolic esterase 
activity, was used as an indicator of cellular viability. 
There was a significant reduction in mitochondrial func- 
tion using nanomolar concentrations of doxorubicin 
although loss of viability required micromolar concentra- 
tions, mdicating that low concentrations of doxorubicin 
are sufficient to cause significant mitochondrial dysfunc- 
tion, but not a significant loss in cell number (Fig. 1). 
Greater reduction in mitochondrial function was seen 
with a concentration of 10 uM. This dose reduced 
MITT conversion by about 30%, which corresponded to 
a significant decline in cell viability, suggesting that this 
dose caused not only damage to the mitochondrial 
population but also may have induced an increased rate 
of apoptosis. We continued to use 10 uM concentration 
of doxorubicin in our experiments since similar levels are 
seen transiently m plasma following pharmaceutical use 
in patients. Time course analysis revealed a reduction in 
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Fig 2. Doxorubicin exposure of H9C2 cells results in inhibition of 
nutochondrial MTT conversion prior to cell death H9C2 were exposed to 
10 uM doxorubicin and viability was determined after 3, 6, 9, and 20 h. 
Mitochondrial function determined by the MTT viability assay was reduced 
more rapidly as compared to cellular viability Data were normalized to 
untreated control cells at each time point and shown as mean tS E for 4-6 
wells per group *P<0.05 vs. control 


P.S. Green, C. Leeuwenburgh / Biochimica et Biophysica Acta 1588 (2002) 94-101 97 


MTT conversion as early as 3 h in some experiments but 
reproducibly was lower 6 h following exposure to 10 uM 
doxorubicin (Fig. 2). In contrast, using the calcein AM 
assay, the toxic effects of 10 uM doxorubicin were not 
seen until 9 h of exposure (Fig. 2). The difference in the 
time course of these viability markers indicates that 
mitochondrial dysfunction is an early event in doxorubi- 
cin toxicity in these cells. 
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3.2. Evidence for doxorubicin-induced apoptosis in the 
H9C2 cell line 


H9C2 cells were exposed to low (1 nM) and high 
concentrations (10 uM) of doxorubicin for 20 h. Exposure 
of H9C2 cells to 10 uM of doxorubicin for 20 h resulted in a 
45% increase in TUNEL-positive cells (Fig. 3). This is 
notable as there was an overall decrease in total nuclei, 


Doxorubicin (10 uM) 








Doxorubicin 


Fig. 3. Doxorubicin exposure increases cell death and TUNEL-positive nuclei in H9C2 cells. Top panels show photomicrographs of doxorubicin-treated H9C2 
cells. H9C2 cells were plated at a density of 5000 cells per well in a 16-well slide and were exposed to 10 uM doxorubicin for 20 h. The top two panels are 
phase-contrast micrographs taken prior to TUNEL staining and the bottom two panels show the results of the TUNEL stain. Noticed marked swelling of H9C2 
cells and an increase in the size of the nuclei occurred. The TUNEL analysis was quantified and bottom figure depicts the percent of total nuclei stained 


positive. Shown are mean+S.E. for n=8 wells per group. *P<0.001 vs. control. 
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Fig. 4. Doxorubicin rapidly increased superoxide anion production in 
isolated rat heart mitochondria. Mitochondria were isolated from a 
Sprague-Dawley rat heart to obtain sufficient amounts of mitechondria 
to determine superoxide production. Following the isolation, mitechondria 
(0.5 mg/ml) were treated with 10 uM doxorubicin and cytochrome c 
reduction was monitored at the different time points. Superoxide production 
increased rapidly and was sustained for at least 1 h. Shown are meant S.E. 
for ned. *P«0.03 vs control. 


strongly suggesting the involvement of apoptosis in doxor- 
ubicin toxicity in these cells. In addition, profound swelling 
of myocytes and cell nuclei was observed upon doxorubicin 
administration. A further indication of apoptosis, 10 uM 
doxorubicin caused an increase in nuclei with chromatin 
condensation visualized by propidium iodide staining (data 
not shown). With | uM doxorubicin, only 5.6% of nuclei 
were TUNEL positive (data not shown). There was no effect 
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Fig. 5. Doxorubicin treatment increases cytochrome c efflux from isolated 
rat heart mitochondria. Mitochondria were incubated with doxorubicin (10 
uM) for 3 h at 37 °C. Mitochondria were pelleted by centrifugation at 
7700* e for 7 min and cytochrome c concentration in the supernatant was 
determined using an ELISA. Shown are meant S.E. for a=4. *P«0.05 vs. 
control. 


of lower concentrations of doxorubicin (1 nM) on TUNEL 
staining. These results indicate that the increase in apoptotic 
nuclei occurs in a similar dose range as the loss in cell 
number, indicating the importance of apoptosis in doxor- 
ubicin toxicity in these cells. 


3.3. Effects of doxorubicin on isolated rat mitochondria 


We used mitochondria isolated from rat hearts, since 
using our cell line it would have been very difficult to 
isolate sufficient mitochondrial protein for assay analysis. 
Further, H9C2 cells are rat heart derived; therefore, the 
mitochondria are from a similar source. Doxorubicin expo- 
sure (10 uM) resulted in a remarkable increase in superoxide 
anion production by isolated rat heart mitochondia (Fig. 4). 
The increase in superoxide production was rapid (within 5 
min) and peaked at 15 min following treatment. This 
increase in superoxide production persisted through 1 h of 
exposure. The very modest decline in superoxide production 
(15% after 30 min) is not statistically significant ( P=0.18) 
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Fig. 6. Doxorubicin treatment increases caspase-3, but not caspase-l, 
activities in H9C2 cells. Cells were treated with 10 uM doxorubicin for 6 h. 
Caspase-3 (À) and caspase-1 (B) activities were determined in the cytosolic 
fraction as described in Methods. Shown are meant S.E. for n—7. *P«0.01 
vs control. 
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and may represent normal variability in the assay. Alter- 
natively, superoxide production may be decreasing from the 
peak in the doxorubicin-treated mitochondria and be due to 
destruction of mitochondria. These data demonstrate the 
intensity of the oxidative burst to produce superoxide anions 
due to doxorubicin treatment. 


3 4. Markers of apoptosis 


Doxorubicin treatment of isolated mitochondria showed a 
significant increase in cytochrome c efflux into the assay 
supernatant (Fig. 5), implicating mitochondrial dysfunction 
and activation of permeability transition due to doxorubicin 
toxicity. The high background levels of cytochrome c (Fig. 
5) could be attributed to (1) significant levels of cytochrome 
c being present in the cytosol, (2) leakage (structural dam- 
age) during the isolation procedures, and (3) activation of 
permeability transition. However, the differences observed 
between control and the treatment group indicates a greater 
release of cytochrome c due to doxorubicin. Furthermore, 
caspase-3, a major "effector caspase", was significantly 
elevated in the H9C2 cardiac cell line following doxorubicin 
treatment (Fig. 6A). In contrast, caspase-1 activity (Fig. 6B), 
a mitochondrial independent pathway, was not affected by 
doxorubicin treatment. These results suggest that the mito- 
chondrial-mediated pathway is important in inducing apop- 
tosis under these conditions (see Discussion). 


4. Discussion 


Doxorubicin (adriamycin) is an anthracycline antibiotic 
that is used as a potent anticancer agent; however, it is 
exceptionally cytotoxic to the heart. Toxicity is believed to 
occur by doxorubicin-induced mitochondrial dysfunction 
and subsequent oxidant production. [21,22]. The heart 1s 
especially prone to oxidative damage due to high levels of 
enzymes with reductase and dehydrogenase properties, such 
as NADPH dehydrogenase and endothelial nitric oxide 
synthase (NOS), which play major roles in transferring 
electrons to generate oxidant species [5,6]. In our study, 
doxorubicin treatment of cultured myocytes induced apop- 
tosis as determined by TUNEL staining of nuclei and 
caspase-3 activation. Interestingly, a rapid decline in mito- 
chondrial reduction potential precedes cell death by approx- 
imately 6 h, implicating mitochondrial dysfunction as an 
early event in doxorubicin-induced cardiotoxicity. In sup- 
port of this hypothesis, we also found that doxorubicin 
results in a very rapid (within 5 min) increase in superoxide 
production in isolated rat heart mitochondria and this is 
followed by release of the pro-apoptotic protein cytochrome 
c. Our experiments differ from the literature in that we 
examined rapid effects on mitochondrial function that were 
shown to precede myocyte death/apoptosis. Our results not 
only indicate that doxorubicin treatment can lead to oxida- 
tive stress, mitochondrial dysfunction, and apoptosis, but 


describe a temporal relationship between these variables. 
Thus, very low (nM) concentrations of doxorubicin caused a 
rapid decline in mitochondrial reduction potential, which 
precedes cell death by approximately 6 h, implicating 
mitochondrial dysfunction as an early event in doxorubi- 
cin-induced myocyte apoptosis. 

We showed that mitochondria isolated from rat heart 
treated with pharmacological levels of doxorubicin produce 
a ~4-fold greater amount of O, ` compared to nontreated 
mitochondria and superoxide production persisted through 1 
h of exposure. The rapid and sustained oxidant production 
could cause oxidative stress. Indeed, Luo et al. [23] showed 
that reactive aldehydes (malondialdehyde, hexanal and 4- 
hydroxy-non-2-enal) in rat plasma and heart tissues 
increased significantly following doxorubicin treatment. 
Importantly, changes occurred early, peaked around 2 h 
after doxorubicin administration, and the levels declined or 
returned to baseline value within 8—24 h [23]. Oxidative 
stress after doxorubicin treatment could therefore be directly 
responsible for the development of functional abnormalities 
also documented by echocardiography abnormalities 1n this 
study [23]. 

Which oxidant is responsible for oxidative stress contin- 
ues to be a heavily debated topic. NO can rapidly scavenge 
superoxide produced in the mitochondria, because NO out- 
competes the superoxide scavenging enzyme superoxide 
dismutase (SOD) for O5. Therefore, O> produced during 
doxorubicin toxicity and scavenged by NO may produce the 
strong oxidant peroxynitrite (ONOO ). There are studies 
that support superoxide anion as the major cause for 
oxidative stress, whereas others suggest that hydrogen per- 
oxides and peroxynitrite are more relevant oxidants inducing 
oxidative stress. In support of a primary role of superoxide 
production in doxorubicin toxicity, the overexpression of 
manganese superoxide dismutase has been shown to be 
cardioprotective 1n mice five days after doxorubicin treat- 
ment [14]. However, other studies suggest that doxorubicin- 
induced hydrogen peroxide formation is responsible for the 
toxicity [13]. Hydrogen peroxide production is also directly 
related to the production of the superoxide anion. Further- 
more, hydrogen peroxide production could function as a 
gene regulator and increase transcription of eNOS [5,6], 
thereby increasing NO. Alternatively, studies have shown 
that doxorubicin interacts with eNOS (reductase enzyme 
moiety) and produce additional superoxide radicals [4— 
6,24]. We recently demonstrated that there is an increase 
in plasma iron levels after doxorubicin treatment, suggesting 
that hydroxyl radical formation is also a likely candidate for 
free radical damage [25]. Although there is debate over 
which specific radical is responsible for oxidative damage, it 
is likely a combination of all these oxidants and their 
respective reactions are involved in the pathophysiological 
events leading to cardiomyopathies. 

Since oxidants are a major factor 1n reducing cellular 
ATP, glutathione, and other reducing equivalents, such as 
NADPH, they increase the susceptibility of the mitochon- 
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dria to undergo permeability transition. We show that 
mitochondrial dysfunction was prevalent in the early stages 
of doxorubicin treatment and may have been directly 
responsible for the apoptotic cell death observed. Moreover, 
we believe that a threshold of mitochondrial destruction 
needs to be reached before a cell will die. Very low levels of 
doxorubicin caused a reduction in mitochondrial function, 
but not cell death. 

Additional in vitro studies will determine if the mecha- 
nism of doxorubicin action on apoptosis is the same using 
various doses for longer time periods in the H9C2 cells. 
These studies would use lower concentrations (e.g. 0.1—2 
uM) to study the effects on cardiomyocyte apoptosis. 
However, long-term use of doxorubicin in cell culture and 
specifically mitochondria may be very difficult and different 
from its use in vivo. Chronic, low concentration studies in 
isolated mitochondria are not feasible due to difficulties 1n 
maintaining mitochondrial viability for longer than 2 h. In 
addition, in vivo and in vitro studies are needed using a low 
chronic dosage since other death pathways of apoptosis, 
such as the receptor-mediated pathway, may also be very 
relevant. In vivo studies use an acute dose of 20 mg/kg of 
doxorubicin in animals or lower chronic doses, which are all 
likely to increase plasma levels greater than 10 uM tran- 
siently and may only represent clinical conditions for a short 
period of time. However, some of the effects described in 
our study are rapid, and therefore could occur in patients 
since high concentrations could be reached transiently. 

Others have also shown that doxorubicin can cause 
apoptosis in the rat heart [26]. In addition, apoptosis occurs 
in cell culture models and isolated myocytes exposed to 
doxorubicin [6,27,28]. The production of oxidant radicals, 
specifically hydrogen peroxides [6], is able to increase 
cytochrome c release and induce apoptosis. We found 
significant release of cytochrome c levels in myocytes 
treated with doxorubicin. Although apoptosis can occur 
via cytochrome c-independent mechanisms, it is well estab- 
lished that in most cell types, once cytochrome c is released 
it interacts with Apaf-1 and procaspase-9, leading to the 
generation of active caspase-9, which is capable of proteo- 
lytically activating caspase-3. Active caspase-3 can then 
initiate the apoptotic degradation phase [16]. We observed 
significant increases in caspase-3 activity, but not 1n cas- 
pase-l activity, which is a well-known cytochrome c-inde- 
pendent caspase. 

However, there are several other pathways that can 
activate caspase-3. For example, caspase-8 is able to acti- 
vate caspase-3, and therefore this receptor-mediated path- 
way may also be intricately involved in the cell death 
observed. However, under these in vitro experimental con- 
ditions we believe that the activity of caspase-3 is mainly 
attributed to the mitochondrial pathway. We expect that 
investigating chronic doxorubicin toxicity in animals may 
give more insight on activation of receptor mediated path- 
ways, since doxorubicin has also been shown to activate 
cytokines [29] and could have effected caspase-1 and 


caspase-8, which are thought to be primarily activated by 
receptor-mediated pathways. Since systemic alterations 
could occur after doxorubicin treatment, responses of recep- 
tor-mediated pathways need more investigation. Further- 
more, caspase-12, an endoplasmic reticulum-mediated 
pathway, has received attention since it can be activated 
by endoplasmic reticulum-mediated stress and releases 
calcium, which activates caspase-12. Once caspase activa- 
tion occurs, it may be responsible for cytoskeletal alterations 
that can result in cell shrinkage and negatively affect tension 
development [30], two events important for the develop- 
ment of chronic cardiomyopathies. 

Therefore, other research efforts will further explore the 
use of specific antioxidants and caspase inhibitors to prevent 
apoptosis. Ebselen and lipoic acid could provide a sufficient 
water and lipid soluble antioxidant buffer to reduce oxida- 
tive stress and apoptosis. In addition, the prodomain of 
proximal caspases contains a caspase recruitment domain 
(CARD) for the activation or inhibition of caspases. For 
example, ARC (apoptosis repressor with a CARD) interacts 
with caspase-2 and -8 and functions as an inhibitor [31]. 
Alternatively, ARC has also been shown to block mitochon- 
drial cytochrome c release and prevents caspase-3 activa- 
tion, possibly by binding to voltage dependent anion 
channels in the mitochondria [32,33], presenting another 
avenue to inhibit caspase activation. In addition, we will 
attempt to use longer periods of doxorubicin treatment using 
lower concentrations to reflect the chronic use of doxorubi- 
cin by patients with lymphomas. These efforts to prevent 
mitochondrial dysfunction and release of cytochrome c from 
the mitochondria and/or inhibit caspase-3 activation may 
prove successful in preventing some of the cardiotoxic 
effects of doxorubicin. 
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Abstract 


The uncoupling protein (UCP) 2 gene is expressed in adipose tissues and skeletal muscles, which are important sites for variations 1n 
energy expenditure. The objective of the current study was to examine the potential impact of a C—T substitution in exon 4, resulting in an 
alanine to valine substitution at codon 55, on the Metabolic Syndrome m 284 unrelated Swedish men born in 1944. The subjects were 
genotyped using PCR amplification of the exon 4 region of the UCP2 gene followed by digestion with the restriction enzyme EcIHK1 The 
allelic frequencies were 0.56 for allele Ala and 0.44 for allele Val. No association was found between the Ala55Val SNP and obesity and 
blood levels of insulin, glucose, and lipids as well as blood pressure and circulating hormones. From these data, we conclude that the C—T 


substitution ın exon 4 of the UCP2 gene does not contribute to the predisposition to be affected by the Metabolic Syndrome 


© 2002 Elsevier Science B V All rights reserved. 
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1. Introduction 


The mitochondrial uncoupling proteins (UCP) are 
thought to play an important role in the molecular basis 
for energy expenditure. However, the precise function of 
these proteins in human metabolism is still unclear [1]. In 
newborn infants, UCP1 is potentially a major contributor to 
the energy expenditure [1], but is unlikely to be involved ın 
weight regulation in adult humans. In 1997, two new 
mitochondrial UCPs, UCP2 and UCP3, were discovered. 
It bas been proposed that UCP2 and UCP3 have thermo- 
genic properties and that they may thus be involved in 
energy metabolism [2,3]. The UCP2—UCP3 gene cluster 
maps to 11913 in humans [4]. A number of single nucleo- 
tide polymorphisms (SNPs) in the UCP1, UCP2 and UCP3 
genes have been identified, and they have been studied for 
linkages and associations with obesity traits [1]. In Pima 
Indians, a C—T substitution in exon 4 of the UCP2 gene, 
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resulting in an alanine to valine substitution at codon 55, has 
been found to be associated with metabolic rate during sleep 
and over 24 h [4]. In addition, the valine substitution in the 
homozygous state exhibits an enhanced metabolic efficiency 
and a lower fat oxidation rate [5]. However, several studies 
do not support an impact of the UCP2 Ala55Val SNP on 
either obesity or Type 2 diabetes [1]. 

There is a clustering of risk factors, including obesity, 
hypertension, glucose intolerance, diabetes mellitus, and 
hyperlipidemia, which is observed more frequently in some 
individuals than by chance alone. This has led to the 
suggestion that this cluster represents a single syndrome, 
which has been referred to as the Metabolic Syndrome [6]. 
Hence, the objective of the present study was to evaluate the 
potential impact of the Ala55Val variant of the UCP2 gene 
on obesity and blood levels of insulin, glucose, and lipids as 
well as blood pressure and circulating hormones, including 
salivary cortisol. 


2. Subjects and methods 


The subjects (7=284) were randomly selected from a 
larger geographically defined total population cohort of men 
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born in Gothenburg, Sweden in 1944. The design has been 
described elsewhere [7]. All subjects gave written informed 
consent before participating in the study, which was 
approved by the Ethics Committee of Góteborg University. 

Body mass index (BMI, kg/m2), waist-to-hip ratio 
(WHR), and abdominal sagittal diameter were measured 
as described previously [7]. Salivary cortisol was measured 
repeatedly over a random working day. Endocrine measure- 
ments, beside cortisol, included testosterone, insulin-like 
growth factor I, and leptin as described previously [7]. 
Blood levels of insulin, glucose, triglycerides, total, high 
(HDL) and low (LDL) density lipoprotein cholesterol were 
measured in the overnight fasting state as described pre- 
viously [7]. The serum lipids were determined by an 
enzymatic procedure in a Cobas Fara H (Roche Molecular 
Biochemicals, Mannheim, Germany). Two blood pressure 
readings were recorded on the right arm with the partic- 
ipants sitting, using a random-zero mercury sphygmoman- 
ometer, after 5 min resting, with the auscultation site at heart 
level, a peak inflation level of 30 mm Hg above radial pulse 
disappearance, and a cuff-deflation rate of 2-3 mm Hg/s. 
Values were recorded to the nearest even digit. Heart rate 
was recorded simultaneously, and systolic and diastolic 
blood pressure was calculated as the mean of the two 
measurements. 

Genotyping of the DNA sequence variant in exon 4 was 
carried out by PCR and restriction enzyme digestion. 
Genomic leukocyte DNA (150 ng in a final volume of 10 
ul) was amplified by PCR (annealing temperature: 56 °C) 
using primers described previously [4]. The PCR reaction 
product was digested at 37 °C for 3—4 h with 2 U of the 
restriction enzyme EcIHKI, and the fragments were sepa- 
rated on a 396 agarose gel. 

All statistical analyses were performed using SPSS for 
Windows, release 10.0 (SPSS Inc., Chicago, IL). P values 
are two-sided throughout, and a P«0.05 was considered 
significant. Analyses were carried out with the General 
Linear Model, with genotype as independent factor and 
BMI and WHR as covariates whenever appropriate. All P 
values were adjusted for multiple tests by using the Spjot- 
voll-Stoline post hoc correction [8]. 


3. Results and discussion 


The frequency of the Ala allele was 0.56 and that of the 
Val allele 0.44. The observed genotype frequencies were 
29.3%, 54.2% and 16.5% for Ala/Ala, Ala/Val and Val/Val, 
respectively. Genotype frequencies were in a Hardy— Wein- 
berg equilibrium (°=1.6, df=2). The allelic frequencies are 
in accordance with those observed in other studies on 
Caucasian populations [9,10]. 

In the present study, there were no significant differences 
between the genotype groups with respect to phenotypes of 
obesity (BMI) and body fat distribution (WHR and abdomi- 
nal sagittal diameter). Interestingly, the UCP2 knock-out 


mice 1s neither obese nor resistant to diet-induced obesity 
[11]. In fact, these mice have a normal body temperature 
regulation, suggesting that UCP2 is not vital in the main- 
tenance of normal body weight [11]. 

However, it has been recently shown that UCP2-deficient 
ob/ob mice have increased serum insulin levels, and greatly 
decreased levels of glycemia [12]. In contrast, the results of 
our study indicate no significant difference in serum insulin 
levels and fasting glucose, either before or after adjusting 
for BMI and WHR, among the genotypes of UCP2 
Ala55Val. Moreover, our data indicate no significant differ- 
ences between the genotype groups regarding salivary 
cortisol, testosterone, insulin-like growth factor L leptin, 
serum lipids and blood pressure (Table 1). Similar findings 
have previously been reported in another Swedish sample 
[10]. 

Although one study related the Ala55Val polymorphism 
to measures of energy expenditure [5], the majority of 
studies do not support a functional impact of the Ala55Val 
polymorphism on polygenic obesity or Type 2 diabetes [1]. 

In conclusion, the Ala55Val UCP2 SNP 1s not associated 
with any of the phenotypic features of the Metabolic 
Syndrome in a general Swedish population of middle-aged 
men. The Ala55Val variant might, however, influence 
different components of the Metabolic Syndrome in other 
ethnic groups. 


Table 1 

Differences m anthropometnc, endocrme, metabolic and circulatory 
measurements between genotypes of the AlaS5Val SNP in exon 4 of the 
UCP2 gene 











Genotypes 
Ala55Ala Ala55Val Val55Val 
(n=78) (n=144) (n=44) 
BMI (kg/m?) 26 5442 26 143.8 257438 
WHR 0 94+0 09 0.9440 06 0 93+0.06 
Abdominal sagittal 22 844.0 22743 5 22.343 5 
diameter (cm) 
Dexamethasone 11.3+4.4 121457 13.2455 
suppression test (nmol/l) 
Testosterone (nmol/l) 195452 198456 19 6+5.7 
Insulin-like growth 214.6+67.9 1995-647 209661.1 
factor I (ug/l) 
Leptin (ug/l) 6344.7 62442 573.8 
Fasting insulin (mU/l) 1421140 114470 14 2+14.5 
Fasting glucose (mmol/l) 45+1.0 46+09 46412 
Triglycerides (mmol/l) 1.81.1 1.8+11 1.70.9 
Total cholesterol (mmol/l) 6 1+1.1] 62+1.0 62413 
High-density hpoprotem 1340.3 1.2403 1340.4 
cholesterol (mmol/l) 
Low-density lipoprotein 40+10 411.0 4241.2 
cholesterol (mmol/D 
Systolic blood pressure 130.3416.8 12944186 12824152 
(mm Hg) 
Diastolic blood pressure 837494 83 8411.5 82.548 9 
(mm Hg) 
Heart rate (beats/min) 68 8410.8 68 0410.0 72 2411.2 


Data (mean+SD) were adjusted for BMI and WHR when appropriate All 
P values are >0 20. 
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Abstract 


Rat P23 is an isoform of trypsin (ogens) synthesized by rat acinar cells. Expression of P23 is stimulated strongly by caerulein, an analogue 
of cholecystokinin (CCK). However, the physiological relevance of rat P23 in healthy and pathological conditions such as caerulein-mduced 
pancreatitis 1s largely unknown. Using recombinant P23 trypsinogen and reconstitution analysis of zymogen autoactivation, unique inhibitor- 
resistance characteristics of P23 were elucidated. P23 cDNA was expressed m Escherichia coh periplasm, yielding recombinant P23 
trypsinogen. Autoactivation of zymogen granule contents from caerulein-induced rat pancreas was also studied Activation kinetics of P23 by 
enterokinase was similar to those of rat anionic trypsmogen, which is a major isoform of trypsinogen. Interestingly, rat pancreatic secretory 
trypsin inhibitor (PSTD, which protects against deleterious activation of trypsinogens m zymogen granules, failed to mhibit P23 trypsin even 
with four-fold molar excess, at which concentration ıt effectively inhibited rat anionic trypsin to almost 100%. P23 trypsin also showed 
marked resistance to protemaceous trypsin inhibitors such as soybean trypsin 1nhibitor and aprotinin. P23 trypsin activated by enterokinase 
dramatically accelerated the cascade of autoactivation of anionic trypsinogen even m the presence of PSTI. Taken together with a previous 
observation that P23 1s specifically upregulated 14-fold by 24-h caerulein infusion, these results suggest that elevated levels of P23 should be 


taken into consideration m the mechanism of trypsinogens within the pancreas m pathological conditions. 


© 2002 Elsevier Science B.V All rights reserved. 


Keywords Trypsin, Gut, Rat P23 





1. Introduction 


P23 was found originally in rat exocrine pancreas by 
two-dimensional isoelectric focusing and SDS-PAGE to be 
an unidentified protein with Mr=23,000 and an isoelectric 
point (pJ) of 6.2 [1]. P23 is expressed only in trace amounts 
(<0.4% of total secretory proteins) ın the unstimulated 
pancreas while caerulein, an analog of the. physiological 
pancreatic secretagogue cholecystokinin (CCK), causes an 
acute 14-fold mduction of P23 protein synthesis, so that it 
comprises up to 2% of total secretory proteins [1]. By this 
criterion, P23 is the most strongly regulated protein of the 
rat exocrine pancreas. Molecular cloning using a specific 
antibody against P23 revealed that rat P23 cDNA encodes a 
novel isoform of trypsinogen, whose similarities in amino 
acid sequence to two anionic (trypsinogen 1 and 2) and one 
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basic (trypsinogen 3) isoform previously identified in the rat 
pancreas are 67%, 68% and 72%, respectively [2]. P23 
contains all the major structural features of other trypsins [2]. 

Thus far, the physiological role and hormonal regulation 
of P23 are relatively unknown. Here, we describe the 
experimental expression and functional analysis of rat P23 
and its unique inhibitor resistance. 


2. Materials and methods 
2.1. Materials 


Rat anionic trypsinogen and pancreatic secretory trypsin 
inhibitor (PSTD) were purified from pure rat pancreatic juice 
collected from rats under anesthesia as described in Ref. [3]. 
Purified bovine trypsin (Type IIT) was purchased from Sigma. 
Enterokinase was purchased from NEB. A synthetic trypsin 
substrate, benzoyl-arginine-p-nitroanilide (BApNA) and an 
expression inducer, isopropyl-beta-D(—)-thiogalactopyrano- 
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side (IPTG) were purchased from Wako Pure Chemicals. 
Protein concentration was determined using Bio-Rad protein 
assay reagent. Recombinant enterokinase and reagents for 
DNA manipulation were purchased from NEB. FOY-305 was 
provided from Ono Pharmaceutical Co., Ltd. 


2.2. Construction of a P23 expression vector in Escherichia 
coli periplasm 


Two oligonucleotide primers were used for polymerase 
chain reaction (PCR). The sense primer 5'-GATGACAAG- 
CTTGTTGGAGGCTACA-3’, corresponding to amino acid 
residues 21—29 of P23, was designed to contain Hindlll 
restriction sites. M13—20 primer was utilized as an antisense 
primer. PCR was performed using P23 cDNA cloned into 
pBluescript [2] as a template, with Tag/Pfu polymerases. 
Samples were amplified for 25 cycles under the following 
conditions: denaturation for 1 min at 94 °C, annealing for 1 
min at 55 ^C and extension for 1 min at 72 °C. A DNA 
fragment of approximately 750 bp was treated with Hindlll, 
isolated by electrophoresis on a 0.7% agarose gel, and 
recovered with a Gene Clean kit (Bio 101). The fragment 
was subcloned into the prokaryotic expression vector pFlag- 
1 (IBD at its HindllI site as described previously [4]. The 
DNA sequence was determined to confirm insertion and 
integrity of the P23 sequence. Restriction enzyme analysis 
was also performed to determine the orientation of the 
inserts. Both constructs with normal and reversed (as a 
control) orientations relative to the promoter in pFlag-1 
were selected for the following expression study. 


2.3. Expression of P23 protein in E. coli periplasm 


E. coli JM109 strains were transformed by pFlag carry- 
ing P23 or reversed P23 inserts using a standard calcium 
chloride method. Transformants were selected on plates 
containing ampicillin (50 ug/ml). Plasmid DNA was puri- 
fied from these transformants and restriction patterns were 
checked with several restriction enzymes for DNA integrity. 
Transformants were preincubated at 37 ^C with vigorous 
shaking in LB media with ampicillin to achieve log phase 
growth, at which point IPTG was added (0.05 mM). 
Periplasmic expression and purification were performed as 
described in Ref. [4]. Briefly, cells were harvested by 
centrifugation after 3 h incubation with IPTG in the pres- 
ence of 5 mM reduced glutathione. Cells were washed with 
a Tris-HCI buffer, pH 7.5 containing | mM EDTA, and 
then treated with lysozyme (0.1 mg/ml) in the same buffer at 
4 °C for 30 min. Periplasmic proteins were recovered in the 
supernatant after centrifugation at 10,000xg for 20 min. 
Expressed P23 was purified further by two cycles of 
sedimentation with ammonium sulfate and by HPLC with 
a TSK3000 gel filtration column. Elution was monitored by 
measuring absorbance at 280 nm and performing SDS- 
PAGE. Fractions with a molecular weight of 23 kDa and 
trypsin activity were pooled and stored at —20 ^C until use. 


A control transformant with a Flag-] vector carrying a 
reversed P23 insert was treated in the same manner and 
the periplasmic fraction was mock-purified with ammonium 
sulfate and by HPLC and then used as a contro! solution for 
enzyme assay. 


2.4, Enzyme assay 


The recombinant P23, reversed P23 fraction or purified 
anionic trypsinogen (100 jig/ml) was activated with enter- 
okinase (1 ug/ml) at 37 °C for 40 min, and then BApNA (2 
mM) was added. The mixtures were incubated at 37 °C. At 
given time points, a portion of each reaction was collected 
and the reaction stopped by addition of acetic acid (20%). p- 
Nitroanilines liberated by trvpsin activity were measured 
with a spectrophotometer at 410 nm. Dependency of the 
reactions on enterokinase activation was studied by per- 
forming the same reaction in the absence ef enterokinase 
and comparing the results. 


2.5. Effects of trypsin inhibitors on the recombinant P23 and 
native anionic trypsins 


Recombinant P23 or purified anionic trvpsinogen was 
activated with enterokinase as described above, and then 
various proteinaceous or synthetic trypsin inhibitors were 
added at various inhibitor/enzyme ratios. The reaction 
mixtures were incubated at 22 ^C for 15 min to allow 
inhibitor/enzyme interaction, and then BApNA was added. 
Reactions were carried out and stopped as described earlier. 
Inhibitor-resistant trypsin activity was expressed as a per- 
centage of the activity in control reactions without inhib- 
itors. 


2.6. In vitro studies of acceleration of autoactivation by rat 
P23 trypsin 


Highly purified rat anionic trypsinogen (90 ug/ml) was 
incubated with recombinant P23 trypsinogen (10 pg/ml) 
for various periods of time in the presence or absence of 
enterokinase (0.1 ug/ml) and/or purified rat PSTI (2 ug 
ml) at 37 °C. Experiments conducted without addition of 
P23 trypsinogen were controlled by addition of an 
equivalent amount of anionic trypsinogen (10 ug/ml), in 
order to maintain a total of 100 pg/ml trypsinogen in the 
reaction mixtures. The amount of P23 trypsinogen to be 
added was estimated to be similar to those found in rat 
pancreatic secretions after 24-h stimulation by caerulein 
(about one-tenth of total anionic trypsinogens) [1]. The 
amount of PSTI to be added was made te be similar to 
physiological conditions, which effectively inhibits about 
5% of total trypsin activity in pancreatic secretions [5]. 
At given time points, portions of the samples were 
collected and assayed with BApNA for activated trypsin 
activity. Trypsin-like activity of enterokinase toward 
BApNA was negligible. 
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3. Results 


3.1. Expression of P23 trypsinogen as a secretory protein in 
E. coli periplasm 


E. coli transformed with pFlag-1 carrying P23 cDNA 
produced a protein with a molecular mass corresponding to 
a trypsinogen (23 kDa) in the periplasm, representing about 
10% of all periplasmic proteins upon IPTG induction (Fig. 
1, lane 1 vs. 2). As a control, E. coli with pFlag-! carrying 
reverse-oriented P23 cDNA did not express any significant 
protein at the corresponding molecular weight with or 
without IPTG (Fig. 1, lanes 3 and 4). Western blotting 
using polyclonal anti-dog trypsinogen antibody was weakly 
positive, confirming that the 23-kDa band in lane 2 is a 
trypsinogen-related molecule (data not shown). A large 
portion (> 90%) of the expressed P23 protein remained in 
insoluble forms in the bacteria even after lysis with 196 
Triton X-100. SDS-PAGE with beta-mercaptoethanol 
showed that inclusion bodies contained a protein with a 
molecular mass of about 25 kDa, suggesting that the soluble 
form of P23 was translocated to the periplasm and an Omp 
A signal peptide (with a predicted size of 2046 Da for 21 
amino acids) was released, resulting in format:on of a 
proenzyme (P23 trypsinogen) form in the periplasm. The 
apparent low efficiency of translocation may be due to 
saturation of the E. coli translation machinery with a high 
level of exogenous protein expression. The expressed P23 
irypsinogen in the periplasm was further purifiec by two 
rounds of ammonium sulfate precipitation and HPLC gel 
filtration, producing a homogenous sample to be used for 
enzymatic assays. 





Fig. 1. Expression of recombinant P23 trypsinogen in Æ, coli periplasm. E. 
coli transformed with pflag-1 carrying P23 cDNA (lanes 1 and 2) or 
reverse-oriented p23 cDNA (lanes 3 and 4) were incubated in LB media 
with (lanes 2 and 4) or without (lanes 1 and 3) IPTG. Cells were harvested 
and the periplasmic fractions were subjected to 10% SDS-PAGE. Apparent 
molecular weight shown by prestained molecular markers are indicated as 
kDa at far left. P23 trypsinogen purified by ammonium sulfate 
precipitation/HPLC gel filtration is indicated in lane 5 with an arrow head. 
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Fig. 2. Enterokinase-dependent activation of rat anionic and p23 tryp- 
sinogens. Recombinant rat P23 trypsinogen (closed symbols) or purified rat 
anionic trypsinogen (open symbols) (100 pg/ml) were incubated in the 
presence (square) or absence (circle) of enterokinase (1 pg/ml). Samples 
were taken at given incubation times, mixed with BApNA (2 mM) as a 
substrate and incubated again at 37 ^C for 15 min. p-Nitroanilides liberated 
by trypsin cleavage were measured with a spectrophotometer (Beckman 
DU-650) at 410 nm. Trypsin activity was expressed as the rate of A410 
increase per minute. 


3.2. Enteropeptidase-dependent activation of P23 trypsino- 
gen 


Expressed P23 trypsinogen showed enteropeptidase- 
dependent activation, with a time-dependent profile similar 
to that of purified rat anionic trypsinogen (Fig. 2). A control 
preparation similarly purified from E. coli periplasm trans- 
formed with the reversed P23 cDNA did not show any 
significant trypsin activity either in the presence or absence 
of enteropeptidase, indicating efficient separation of 
recombinant P23 from endogenous E. coli proteases by 
the purification (data not shown). 


3.3. Inhibition of P23 trypsin with various trypsin inhibitors 


The effect of various trypsin inhibitors on P23 trypsin 
was compared with their effects on rat anionic trypsin and 
bovine trypsin. Increasing concentrations of inhibitors were 
incubated with 100 g/ml of each trypsin, and then the 
remaining resistant trypsin activities were measured. Rat 
anionic and bovine trypsins were completely inhibited by 
equimolar (100 ng/ml) soybean trypsin inhibitor (SBTI), 
whereas P23 was inhibited by 20—30% with the same 
concentration of SBTI (Fig. 3A). Similar results were 
obtained when P23 was mixed with rat pancreatic secretory 
trypsin inhibitor (rPSTI), a physiological inhibitor present 
together with trypsinogens in the zymogen granules, possi- 
bly to prevent premature trypsin activation. In the presence 
of a four-fold molar excess of rPSTI (100 ug/ml), control 
trypsins were inhibited completely, whereas more than 95% 
of the original P23 activity remained (Fig. 3B). A very 
similar profile was obtained when these trypsins were 
challenged by bovine pancreatic trypsin inhibitor (BPTI, 
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Fig. 3. Inhibition profiles of rat p23 trypsin, rat anionic trypsin and bovine trypsin with various trypsin inhibitors. One hundred microgram per milliliter each of 
recombinant p23 trypsin (closed circle), purified rat anionic trypsin (open circle), or bovine trypsin (open square) was activated with enterokinase (1 jig/ml) as 
described and then incubated with one of the given trypsin inhibitors at various concentrations as indicated at 22 °C for 15 min. Residual trypsin activity was 
assayed using BApNA and expressed as a percentage of total activity without the inhibitor. (A) Soybean trypsin inhibitor (SBTD, (B) rat pancreatic secretory 
trypsin inhibitor (rPSTD, (C) bovine pancreatic trypsin inhibitor (BPTI/aprotinin), (D) phenylmethylsulfonylfluoride (PMSF), (E) p-toluenesulfony!-l-lysine 
chloromethyl ketone (TLCK), (F) FOY-305 (n.n-dimethylcarbamoylmethyl 4-(4-guanidinobenzoyloxy) phenylacetate methane sulfate), Data are expressed as 
the mean of three experiments, all of which varied less than 5%. 


also known as aprotinin or Trasylol, a strong, widely used 3E) at concentrations comparable to those used to inhibit rat 
trypsin inhibitor in both experimental and clinical settings anionic trypsin and bovine trypsin, confirming that P23 is a 
(Fig. 3C). However, P23 was sensitive to synthetic serine member of the serine protease family. When FOY-305, a 


protease inhibitors such as PMSF (Fig. 3D) and TLCK (Fig. low molecular weight inhibitor, was used, rat P23 trypsin 
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was more resistant than rat anionic and bovine trypsins (Fig. 
3F), but was almost completely inhibited at higher FOY-305 
concentrations. 


3.4. In vitro studies of autoactivation acceleration by rat 
P23 trypsin 


Based on the observation that P23 trypsin shows resis- 
tance to PSTI, which is thought to protect against trypsi- 
nogen autoactivation, an experiment to assess the ability of 
increased levels inhibitor-resistant P23 trypsinogen to 
induce autoactivation was performed in vitro. 

When purified anionic trypsinogen was incubated with or 
without purified recombinant P23 trypsinogen (at 9:1 molar 
ratio) at 37 ^C up to 16 h, trypsin autoactivation was not 
detected in either sample (Fig. 5). This finding indicates that 
purified trypsinogens are stable and not activated sponta- 
neously under such conditions. When a small ameunt of 
enterokinase, an artificial initiator of activation, was added, 
anionic trypsinogens, with or without P23 trypsinogen, were 
all activated very quickly. When similar experiments were 
performed in the presence of purified PSTI, a physiological 
inhibitor of trypsin autoactivation, anionic trypsinogen was 
only slowly activated by enterokinase, indicating that PSTI 
attenuates the initial rate of trypsin autoactivation. On the 
other hand, when P23 trypsinogen was present in the 
reaction mixture, trypsin activation was accelerated dramat- 
ically, suggesting that P23 trypsinogen was activated by 
enterokinase to P23 trypsin, a PSTI-resistant enzyme that 
could promote the cascade of trypsin autoactivatien free 
from PSTI control. The autoactivation promoted by the 
activated P23 trypsin was observed to overcome PSTI 
inhibitory effects on the other trypsinogens after an initial 


Rat P23 trypsinogen 
Rat Tal dll 
Rat Ta2 «^ res 
Rat Tc oe «m 
Human trypsin 1 Se m 
Human trypsin 2 s x 


Human mesotrypsin Eo I 


period of time. In conclusion, these results indicate that P23 
trypsinogen is stable and does not promote trypsin autoacti- 
vation by itself but requires activation by an independent 
initiator (enterokinase, present in this experimental case but 
absent in the exocrine pancreas). 


4. Discussion 


Based on observations presented here, rat P23 trypsin 
(ogen) appears to be a unique isoform of trypsin, which is 
resistant to proteinaceous trypsin inhibitors such as PSTI 
and SBTL A similar isoform of trypsin has been described 
in human pancreatic secretions and named mesotrypsin, due 
to its p/ of 5.95, which is ‘meso’, or in the middle, between 
other acidic and basic trypsins [6.7]. Human mesotrypsin is 
a minor species of pancreatic digestive enzyme and shows 
resistances to naturally occurring trypsin inhibitors similar 
to those exhibited in P23. Structural and functional analyses 
suggest that rat P23 trypsinogen is a functional homologue 
of human mesotrypsinogen. However, the degree to which 
human mesotrypsinogen is regulated by CCK or its ana- 
logues should be investigated further. Structural comparison 
of rat P23 and human mesotrypsinogen revealed several 
unique characteristics. Upon comparison of rat P23 or 
human mesotrypsin to other known trypsin isoforms, it is 
found that the catalytic triad of His-63, Asp-107 and Ser- 
201 (numbers are based on the rat P23 sequence), as well as 
an obligatory Asp at position 194, are all conserved. 

However, at amino acid 198, close to the active center of 
the enzyme, an Asp residue is found in P23, rather than an 
Asn, which is conserved throughout all known rat and 
human trypsins (Fig. 4). This substitution may change the 


195 201 


-Gly-Gly-Lys-Asp-Ser-Cys-Asp-Gly-Asp-Ser-Gly- 


- - - Asn Arg 


Fig. 4. Comparison of amino acid sequences of various trypsin active sites. Number corresponding to amino acid residues in rat p23 trypsinogen are indicated 
at the top. Residue 195 is an obligatory Asp that determines substrate specificity toward basic amino acids and is conserved in all rat and human trypsins. 
Residue 200 is the active serine in the triad and is also conserved in all rat and human trypsins. Note the unique Asp-198, instead of Asn, in rat p23 and the 
unique Arg-199 in human mesotrypsinogen, which may be responsible for their altered interactions with trypsin inhibitors. Ta, anionic trypsin (two different 


anionic trypsins have been described in rats); Tc, cationic trypsin. 


8.-I. Fukuoka, C.M. Nyaruhucha / Biochimica et Biophysica Acta 1588 (2002) 106-112 111 


electrical and steric environment in the active center. A 
similar, in terms of site, but different, in terms of amino acid 
charge, substitution has been found in human mesotrypsin, 
which has an Arg instead of the conserved Gly in position 
199. 

Based upon an X-ray crystallographic structure of a 
complex between rat trypsin and BPTI [8], the Asp—Asn 
mutation at position 198 was modeled using the software 
Quanta (Molecular Simulations). The Van der Waals radii of 
Asp-198 in rat P23 and Arg-17 in BPTI were found to 
overlap for all possible rotations (data not shown). This 
suggests that the two residues cannot co-exist in the com- 
plex as it is currently structured, and would disrupt the 
binding between the enzyme and inhibitor. Further analysis 
of the change of the microscopic molecular environment in 
the active center of P23 and mesotrypsin could explain why 
they are not inhibited by large proteinaceous trypsin inhib- 
itors such as PSTI, BPTI and SBTI, but can be blocked 
using small synthetic trypsin inhibitors such as PMSF and 
TLCK. 

The fact that P23, a hormone-inducible trypsin isoform, 
exhibits marked inhibitor resistance implies that it may 
perform several physiologically relevant functions. If levels 
of rat P23 trypsin are increased by a specific stimulus such 
as CCK, caerulein or by pathogenic conditions, the inhib- 
itor-resistant trypsin may cause potentially deleterious 
effects upon autoactivation within pancreatic tissues, espe- 
cially in the setting of pancreatitis. Caerulein-induced pan- 
creatitis is a widely acknowledged model as an experimental 
pancreatitis [9]. Supramaximal doses of CCK, caerulein or 
cholinergic agonists have been found to induce pancreatic 
damage manifested by edema, increased serum levels of 
pancreatic enzymes, inflammation and necrosis in rats [10], 
mice [11] and even healthy human [12]. Although molecular 
mechanisms that initiate or apply the form of pancreatitis are 
largely unknown, it has been pointed out that premature 
activation of pancreatic zymogens within pancreatic tissues 
is a key step for progression of the pathological conse- 
quence [9]. When P23 is turned out to be unique PSTI- 
resistant trypsin, one can speculate that activated P23 
trypsin is able to further cleave trypsinogens to trypsins in 
the presence of PSTI or other endogenous trypsin inhibitors, 
and thus promote the activation cascade. Rat PSTI mRNA 
expression has been shown to be upregulated by CCK 
[13], it only occurs by one- to two-fold and is much less 
responsible than the expression of P23 induced by CCK 
analogue. Parallel regulation of anionic trypsinogen and 
PSTI was also observed under various dietary conditions 
in rats [14]. However, the ratio between the rates of P23 and 
PSTI expression might be much higher (P23>PSTI) in the 
setting of caerulein—infusion, resulting in insufficient 
amounts of PSTI to attenuate the cascade of trypsin autoac- 
tivation promoted by activated P23. In vitro studies shown 
in Fig. 5 demonstrate the possibilities that imbalance 
between P23 and PSTI cause the promotion of trypsinogen 
activation cascade. 
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Fig. 5. In vitro studies of autoactivation acceleration by rat P23 trypsin. 
Highly purified rat anionic trypsinogen (Ta) (90 g/ml) was incubated with 
recombinant P23 trypsinogen (10 ug/ml) in the presence or absence of 
enterokinase (0.1 ug/ml) and/or purified rat PSTI (2 ug/ml) at 37 °C: (A), 
(C) and (E). The experiments lacking P23 trypsinogen were compensated 
by addition of an equivalent amount of anionic trypsinogen (10 ug/ml) in 
order to maintain a total of 100 ug/ml trypsinogen in every reaction 
mixture: (B), (D) and (F). Increment of P23 trypsinogen (10 ug/ml) alone 
was also measured in the presence of enterokinase (0.1 ug/ml) and purified 
rat PSTI (2 ug/ml): (G). At given time points, portions of the samples were 
collected and assayed with BApNA for activated trypsin activity. (À) 
Tatenterokinase+P23; (B) Tatenterokinase; (C) Tatenterokinase+ 
PSTI+P23; (D) Tatenterokinaset+PSTI; (E) Ta+P23; (F) Ta alone; (G) 
P23+enterokinasetPSTL Data are expressed as percentages of maximal 
activation and reported as the means of four experiments + 1 S.D. 


In conclusion, rat P23 is found to be a unique PSTI- 
resistant trypsin. Taken together with the fact that P23 is 
upregulated 14-fold after 24-h caerulein infusion, these 
results suggest that rat P23 plays an important role in the 
progression of the experimental animal model of caerulein- 
induced pancreatitis. An in vitro autoactivation assay system 
and recombinant P23 will be useful tools for further inves- 
tigation of the mechanism underlying its pathogenesis. 
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Abstract 


B-cell destruction during the onset of diabetes mellitus is associated with oxidative stress. In this work, we investigated the mechanisms of 
defense against oxidative stress present in neonatal islets and their modulation by D-glucose, L-leucine and fetal calf serum (FCS). Culturing 
neonatal rat islets in the presence of low D-glucose concentrations (2.8—5.6 mmol/l) and 1 mmol/l H,O, increased the D-glucose uptake by 
islets sixfold compared to control levels. This effect was dose-dependently inhibited by D-glucose or FCS and by high concentrations of L- 
leucine. These supplements allowed islets to increase cytoplasmic catalase (CAT) activity only in response to H-0., with no decrease in NO 
formation. Although L-leucine increased CAT activity and restored D-glucose uptake, it did not prevent damage to the islets. These data 
indicate that the most important H-O, scavenger system in the islets is CAT and that this system can be modulated by metabolic substrates. 


© 2002 Elsevier Science B.V. All rights reserved. 


Keywords: Neonatal pancreatic islet: p-Glucose; L-Leucine; Fetal calf serum; Oxidative stress; H:O«; Catalase 





1. Introduction 


Pancreatic B-cells have low expression of reactive oxy- 
gen species (ROS) scavenger enzymes such as superoxide 
dismutase (SOD), catalase (CAT) and gluthathione perox- 
idase (GPx) [1], and oxidative stress in these cells is 
common [2]. The onset of type 1 diabetes is partly mediated 
by H20, released from activated lymphocytes that infiltrate 
islets [3—5]. In contrast, type 2 diabetes evolves to advanced 
clinical complications through islet damage and loss of 
insulin secretion, mediated by gluco-lipo-toxicity, TNFa 
cytotoxicity, and recognition of advanced glycated ends 
(AGEs) by islet resident macrophages and their subsequent 
activation [6—8]. 


Abbreviations: SOD, superoxide dismutase; CAT, catalase; GPx, 
gluthathione peroxidase; TPx, thioredoxin peroxidase; BSA, bovine serum 
albumin; EDTA, ethyleaediamine tetraacetic acid; EGTA, ethylene glycol- 
bis(p-aminoethyl ether)-V.V,MN-tetraacetic acid; DTT, dithiothreithiol 

` Corresponding author. Tel: +55-19-3788-6202; fax: +55-19-3289- 
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Oxidative stress in B-cells occurs through different path- 
ways [9]. Since B-cells express CuZnSOD (cytoplasm) and 
MnSOD (mitochondrial matrix) [10], they decompose ROS 
into H,O> [11] but are unable to remove HO, because they 
lack a powerful peroxidase activity. Thus, H-O, may accu- 
mulate in the cytoplasm and inhibit its own diffusion from the 
mitochondrial matrix [12]. Within the matrix, HO. causes 
lipid peroxidation [9] and provokes the cross-linking of thiol 
residues of inner mitochondrial membrane (IMM) and matrix 
proteins. Following oxidation, the ADP/ATP translocator, the 
major component of IMM proteins, interacts with proteins 
such as the voltage-dependent anion channel (VDAC) of the 
external mitochondrial membrane (EMM), cyclophilin D 
from the matrix, and ER proteins ofthe Bax and Bcl-2 families 
[12]. They form membrane permeability transition pores 
(MPTP) responsible for the decrease in IMM voltage, mito- 
chondrial swelling and respiratory inefficiency [13]. 

In addition, cytoplasmic indicators of oxidative stress 
such as NIK and MEKK: activate the transcription of iNOS 
and apoptotic genes [16-18]. INOS uses NADPH, O, and 
L-arginine to increase NO production several fold [16,19], 
which in turn down-regulates the glycolytic and citric acid 
pathways [20,21], decreases cytochrome c oxidase complex 
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(COX) free-eletron scavenger activity [22,23] and alters 
nuclear signaling by increasing DNA exposure [24,25]. 

Enhanced generation of H2O» and ROS in islets stim- 
ulates the transcription of apoptotic genes that results in 
mitochondrial and nuclear DNA fragmentation, inhibition of 
protein synthesis and reduction in islet cell mass. All of 
these processes can be prevented by fetal calf serum (FCS) 
or its components such as IGF-1, IGF-2 and GH [26,27]. 

In this work, we analyzed the effect of chronic exposure 
to D-glucose, L-leucine and FCS on the H-O, scavenging 
system of neonatal rat islets. Our results indicate that all 
three components increase the rate of H,O, degradation 
when H-O, is present in culture media. Almost all the 
peroxidase activity detected was due to CAT. None of these 
substances reduced NO formation by islets exposed to 
H>O>. Finally, D-glucose and FCS, but not 1-leucine, pro- 
tected the islets against exposure to H5O;. 


2. Material and methods 
2.1. Islets isolation and culture 


Neonatal (1-2 days old) and adult (4—6 months old) 
Wistar rats were purchased from the State University of 
Campinas animal facilities. After decapitation, neonatal [28] 
and adult [29] islets were isolated by collagenase (EC 
3.4.24.3) digestion of pancreata in Hanks balanced salt 
solution. Islets were handpicked under a microscope, 
washed twice in sterile Hanks solution and cultured in 
RPMI 1640 medium (Sigma) supplemented with 2 g 
NaHCO;/1 and 1% penicillin/streptomycin, pH 7.4, and 
other supplements as indicated in the legends. Approxi- 
mately 1000 islets/dish were maintained at 37 ^C in a 
humidified atmosphere with 3% CO» for different periods 
of time. The medium was renewed every 48 h, as required. 


2.2. NO production 


NO formation was quantified by measuring the nitrite 
content of islet extracts. The islets in each dish were trans- 
ferred to Eppendorf tubes containing 100 ul of Hanks 
solution (4 °C) and sonicated. The NO; concentrations 
of total extracts were measured colorimetrically using a 
modified Griess reagent (1 part of 15 mg of sulfanilamide/ 
ml in pure H;PO,+1 part of 1.5 mg NEED/ml in H20), 
using NaNO: dissolved in Hanks solution as standard. 
Absorbances were calculated as the difference between the 
readings at 540 and 600 nm. Assays were done immediately 
after recovery the islets from the dishes. NO; levels were 
expressed as [NO J [total protein] ratio. 


2.3. D-Glucose uptake 


D-Glucose concentrations in the media were determined 
using à commercial glucose enzymatic kit (Biotrol Diag- 


nostic, Chenneviéres-lés-Louvres, France). p-Glucose 
uptake by the islets was measured as the variation in D- 
glucose concentrations in 10 ml of medium containing 5.6 
mmol of p-glucose/l + 5% FCS at the end of 12 h in culture. 
Samples for D-glucose measurements were taken after 
filtration of the media through 0.45-um pore filters (Milli- 
pore) to remove cells. The results were expressed as the D- 
glucose consumed/total protein content of islets in each 
dish. Extracts were prepared in Hanks solution by mechan- 
ical high-speed disruption of islets, at the end of the culture. 


2.4. Peroxidase activity 


Islet extracts were centrifuged at 10000g x 6 min to 
remove cellular membranes and organelles. The protein 
concentration of the liquid phase was measured (Biorad) 
and adjusted to 100 ug/ml by adding Hanks solution. H-O; 
was added to each sample to a final concentration of 2.3 
mmol/l and its concentration was then measured 0, 5, 10, 
20, 30, 40 and 60 min later using a colorimetric reaction 
(Glucose Enzymatic Colour Liquide), against an HO> stand- 
ard curve. The values were fitted to single exponential decay 
curves using the expression [H-O-](0)=[H.;O,],-o x e“ The 
peroxidase activity of each sample was expressed as the £ 
value (decay constant) obtained with given protein concen- 
trations (100 ug/ml). Since the experiments with pure CAT 
showed a nonlinear crescent relationship between enzyme 
concentration and peroxidase activity, activities were not 
normalized. 


2.5. Enzymatic kinetics 


The velocity of H2O, decomposition by islet protein or 
pure CAT (EC 1. 11.1.6, H20; oxidoreductase) (Sigma) was 
determined in Eppendorf tubes containing either islet pro- 
tein or CAT dissolved is Hanks solution alone with increas- 
ing concentrations of H;O» (0 to 300 mmol/l). Aliquots of 
the medium were taken 1, 2, 3 and 4 min after H,O, 
addition, diluted with acidified Hanks solution (pH 1.0) 
and assayed for H»O», as stated. Initial H-O- concentrations 
and the degradation rate were determined by linear regres- 
sion over the data. K,, values were calculated from Boltz- 
man sigmoidal curves fitted to the points. 


2.6. Statistical analysis 

The results were expressed as the means + S.E. and the 
significance of differences was assessed by Student's / test. 
A value of P«0.05 indicated significance. 
3. Results 

Peroxidase activity in neonatal islets was approximately 


three times greater than adult islets (k — 0.111 + 0.007 min ` ' 
vs. k= 0.034 + 0.004 min ^ ', respectively, at 100 ug protein/ 
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Fig. 1. Effect of H;O; on D-glucose use by cultured neonatal islets. Islets 
were cultured for 4 days in RPMI medium with or without 1 mmol of H20 
l and different concentrations of D-glucose (G; 2.8, 5.6 and 22.4 mmol/ 
1)+5% FCS, L-leucine (L; 30.5 mmol/I)+5.6 mmol of p-glucose/l and 5% 
FCS or FCS (10%)+ 5.6 mmol p-glucose/l. This medium was subsequently 
replaced by one containing 5.6 mmol of p-glucose/l and 5% FCS. The bars 
represent cumulative D-glucose use for 12 h as described in Section 2. The 
values are the means + S.E. of six independent experiments. * P «0.05 vs. 
the respective control. 


ml, n=4; P«0.05). This activity was almost attributed to 
: hydrophilic proteins since the removal of membranes and 
organelles from islet extracts did not alter the ability to 
decompose H20, (k—0.24 + 0.02 min ` 1 for the liquid 
phase vs. k=0.22 + 0.02 min ^! for the total extract, at 
200 ug protein/ml, n=4; NS). Heating the extracts at 100 
°C for 5 min reduced peroxidase activity to less than 396 of 
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Fig. 2. Effect of H,O; on nitrite production by cultured neonatal islets. 
Islets were cultured for 4 days in RPMI with or without 1 mmol of H,02/1 
and different concentrations of D-glucose (G; 2.8, 5.6 and 22.4 mmol 
D +5% FCS, L-leucine (L; 30.5 mmol/l) + 5.6 mmol of p-glucose/l and 5% 
FCS or FCS (1096)-- 5.6 mmol of D-glucose/L After culture, the islets were 
sonicated and NO; concentrations within the cells were measured as 
described in Section 2. The values are the means + S.E. of six independent 
experiments. * P «0.05 vs. the respective control. 
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Fig. 3. Effect of H20- on protein mass of cultured neonatal islets. Islets 


„were cultured for 4 days in RPMI medium with or without | mmol of H202/ 


l and different concentrations of D-glucose (G; 5.6 and 22.4 mmol/l) - 596 
FCS, L-leucine, (L; 30.5 mmol/I) *- 5.6 mmol of D-glucose and 5% FCS or 
FCS (10%)+5.6 mmol of p-glucose/l. Subsequently, groups of 200 islets 
were sonicated in 100 ul of Hanks solution and the protein concentration 
was measured by a colorimetric assay. The bars represent the means + S.E. 
of six independent experiments. * P «0.05 vs. the respective control. 


normal values, indicating that heat-denatured proteins are 
responsible for H20; degradation. 

The presence of 1 mmol H20j/ in culture medium 
containing low concentrations of D-glucose (2.8 mmol/l) 
dramatically increased the uptake of this sugar by neo- 
natal islets (Fig. 1). This effect was significantly reduced 
by physiological concentrations of D-glucose (5.6 mmol/l) 
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Fig. 4. Effect of H202 on peroxidase activity of cultured neonatal islets. 
Islets: were cultured for 4 days in RPMI medium with or without 1 mmol 
H;O,/l and different concentrations of D-glucose (G; 2.8, 5.6 and 22.4 
mmol/l) +5% FCS, r-leucine (L; 30.5 mmol/I)4- 5.6 mmol of p-glucose/l 
and 5% FCS or FCS (10%)+5.6 mmol of p-glucose/l. The islets were 
subsequently sonicated and the peroxidase activity in the extract was 
measured as described in Section 2. The bars are the means + S.E. of 10 
independent experiments. * P «0.05 vs. the respective control 
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Table 1 
Effects of different concentrations of D-glucose and FCS on the peroxidase 
activity of islet extracts 














Agents Peroxidase activity (%) 
D-Glucose (mmol) FCS (94) 
2.8 Š 16-9 
5.6 5 100 
11.2 5 110 x 30 
224 5 70 € 20* 
5.6 2 130 + 6* 
5.6 5 100 
5.6 7 854 + 0.1 * 
5.6 10 60 + 20* 


The values are the means + S.E. of four experiments. 
* P«0.05 compared to the respective controls (5.6 mmol/l for D-glucose 
and 5% for FCS). 


and abolished by 22.4 mmol of p-glucose/l, by the 
combination of D-glucose (5.6 mmol/l) plus L-leucine 
(30.5 mmol/l) and by 10% FCS (Fig. 1). H;O; per se 
did not affect the D-glucose concentration in the incuba- 
tion medium. 

Exposure to 1 mmol of H;O;/ also increased nitrite 
production by the islets. This occurred even in the presence 
of p-glucose, L-leucine or FCS (Fig. 2). There was no 
correlation between D-glucose uptake and nitrite production, 
indicating that NO formation may not be responsible for 
increased D-glucose uptake by islets exposed to H;O;. 

Culturing the islets in the presence of 1 mmol of H;0;/1 
and 5.6 mmol of p-glucose/l reduced the islet mass by 50% 
compared to the controls (absence of H202). High D-glucose 
(22.4 mmol/l) or FCS (10%), but not L-leucine (30.5 mmol/ 
1), protected islet against damage by H-O, (Fig. 3). Fig. 4 
shows that the peroxidase activity of islet extracts was 
significantly increased by the exposure to H;O», however, 
this increased activity was dependent on the presence of 
high D-glucose, L-leucine or FCS. 





Fig. 5. Nature of the peroxidase activity in pancreatic neonatal islets. Islets 
were cultured in RPMI medium containing 5.6 mmol of 0-glucose/ and 5% 
FCS. (A) represents the peroxidase activity of islet extracts (200 ug of 
protein/ml), the first challenge with H:O- (before) and at the second 
challenge after a 30-min incubation with the following substances at the 
indicated final concentrations (pH adjusted to 7.4) in Hanks solution: none 
(After), 1 mmol of L-cysteine/l (Cys), 1 mmol of 2-mercapteethanol/l 
(Merc) and 0.5 mmol of DTT/ (DTT). Negative controls were BSA (Alb; 
100 ug/ml) without or with the same additions. The values are the 
means + S.E. of six independent experiments. (B) (upper panel) represents 
the peroxidase activity of islet extracts (500 ug of protein/ml) in the 
presence of EDTA (40 mmol/l), EGTA (40 mmol/l), phenantroline (Ph) (10 
mmol/l), hydroxylamine (HA) (10 mmol/l), and saturated CuCO, and 
Mn;(CO4). (pH adjusted to 7.4). BSA (Alb) (100 ug/ml) was used as 
negative control. Identical experiments were done with purified catalase 
(lower panel) The values are the means + S.E. of six independent 
experiments. * P«0.05 vs. control values (no additions). (C) represents 
the rate of HO, degradation measured at increasing concentrations of H,O; 
using islet extracts or purified catalase (5.4 pg/ml). The Kn for the islet 
extracts and purified catalase were 70 + 1 and 70 + 0.8 mmol/l. respectively 
(nz 5). 


Unexpectedly, incubation of islets with high D-glucose 
and FCS concentrations m the absence of HO, dose- 
dependently reduced the peroxidase activity of islet extracts 
(Table 1). 

In the next series of experiments, we investigated the 
enzyme responsible for H2O, degradation in islet extracts. 
Fig. 5A shows that the enzyme activity of the extract did not 
change during successive challenges with HO , and that the 
incubation of samples with thiol reductants such as L- 
cysteine (1 mmol/l), 2-mercaptoethanol (1 mmol/l) or 
dithiothreithiol (DTT) (0.5 mmol/l) between two H;O; 
additions did not affect the peroxidase activity of the 
extracts. Fig. 5B illustrates that addition of different inhib- 
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itors of CAT similarly reduced the peroxidase activity of 
islet extracts (upper panel) and of purified CAT (lower 
panel). Finally, the rate of H,O, degradation for islet 
extracts and purified CAT had identical kinetics with Km 
close to 70 mmol/l (Fig. 5C). The optimal pH for the islet 
extracts and purified CAT was 8.5. 


4. Discussion 


The best known ROS scavenging system in pancreatic 
islets consists of: COX, which avoids the leakage of free 
electrons from the respiratory chain [23]; SOD isoforms, 
which convert ROS into H20, in the cytoplasm or inside 
mitochondria; glutathione/glutathione reductase, which uses 
NAD(P)H as an electron source to regenerate glutathione 
within mitochondria; and CAT, which decomposes H202 
into H20 + 1/2 O>, [1]. We have also recently observed the 
presence of thioredoxin peroxidase (TPx) in islets that may 
represent another system for cytoplasmic H5O; degradation 
(unpublished data). l 

As shown here, neonatal islets were protected better 
against oxidative stress than adult islets because of their 
more active peroxidase system. This greater protective 
ability against oxidative stress may be linked to higher 
circulating levels of growth factors in neonatal rats, thus 
allowing the islets to increase the rate of H20, degradation, 
if H20, is generated in large amounts (Fig. 4). Since this 
peroxidase system is almost totally localized in the water- 
soluble cell fraction, it is likely to be different from the 
peroxidase system of mitochondrial membranes [14]. 

Oxidative stress induced by HO, uncouples mitochon- 
dria by forming MPTP [14]. Thus, islets exposed chroni- 
cally to H202 would be expected to metabolize higher 
amounts of D-glucose than controls in order to generate 
similar quantities of ATP, even at a nonstimulatory D- 
glucose concentration. In the presence of stimulatory con- 
centrations, more ATP would be required for synthesis, 
maturation and translocation of insulin to the membrane 
[30]. The addition of D-glucose, L-leucine or FCS to the 
media containing H20, enhanced H20, degradation within 
the islets, thus decreasing the metabolic demand for ATP 
synthesis (Figs. 1 and 4). 

NO has recently been associated with a reduction in 
COX activity that could increase ROS and H20, formation 
[23]. NO also reacts with ROS or H20, generated in 
mitochondria to form ONOO `, an even more active radical 
[21]. Oxidative stress causes IkB heterodimer phosphoryla- 
tion, subsequent NF-kB translocation to the nucleus and 
transcription of iNOS, in a positive feedback mechanism 
[17,31]. Since D-glucose, L-leucine and FCS did not 
decrease NO production in islets, with or without H20, in 
the culture media (Fig. 2), they probably failed to reduce 
iNOS expression. However, even with greater NO produc- 
tion, glucose uptake by islets was normalized in the pres- 
ence of high concentrations of D-glucose, L-leucine and FCS 


(Fig. 1), indicating that increased NO production was not 
sufficient to induce mitochondria damage [21,32,33]. 

Thiol-reducing enzymes probably participate strong in 
H,0, degradation by accelerating the reaction 2R- 
SH+H,02— RSSR +2H,0 [15]. These enzymes and cofac- 
tors such as glutathione are reduced to the R-SH form by 
small thiol molecules such as L-cysteine, 2-mercaptoethanol 
and DTT [34]. However, treatment of samples with these 
thiol groups after exposure to H2O; did not alter peroxidase 
activity, indicating that at the high concentrations of H202 
used in our experiments [4], these enzymes and cofactors 
have a marginal participation in the degradation of H,O; 
(Fig. 5A). To investigate the nature of peroxidase activity in 
islets, we used nonspecific inhibitors of metal-dependent 
enzymes such as ethylenediamine tetraacetic acid (EDTA), 
ethylenediamine tetraacetic acid (EGTA), Cu?*, Mn? *, 
phenantroline and hydroxylamine [35,36]. The variations 
in the peroxidase activity of islet extracts with each inhibitor 
mimicked the variations seen with purified CAT. These 
results, which were confirmed by the enzyme kinetics, 
strong indicated that this peroxidase was CAT (Fig. 5B,C). 

Antioxidant systems must be regenerated by electron 
donors such as NAD(P)H, FADH;, glutathione, DTT or 
other thiol groups from soluble (e.g. thioredoxin) or mem- 
brane-bound proteins (EMM) [15,34]. In normal cells, the 
concentration of HO, is in the range of 1 pmol/l, and CAT 
has to be coupled to NADPH to be active. In contrast, in the 
range of 1 mmol of H.O;/l, as used in our experiments and 
usually found in lymphocyte-infiltrated islets [3], CAT no 
longer requires NADPH [37]. NADPH levels, kept elevated 
by metabolic substrates (D-glucose and L-leucine), reduced 
the peroxidase activity in islets (Table 1). Thus, the decreas- 
ing amount of CAT seen in the presence of increasing 
concentrations of D-glucose or FCS may correlate with an 
increase in its individual molecules activity [37,38]. 

The increase in peroxidase activity produced by FCS 
suggests another possible mechanism in the regulation of 
scavenging systems. FCS is known to preserve islets by 
suppressing apoptotic genes and stimulating the transcrip- 
tion of anti-apoptotic ones [39]. This is the case of some 
Bcl-2 family proteins that inhibit the formation of MPTP 
[27]. Proteins with increased expression in response to 
growth factors may exert other protective effects against 
oxidative stress that cannot be explained simply by increas- 
ing CAT activity (Figs. 3 and 4). Our data indicate that, in 
the case of severe oxidative stress induced by H20; in islets, 
high concentrations of D-glucose, but not L-leucine (which 
shares the mitochondrial part of the metabolic pathway with 
D-glucose), may exert an FCS-like protection through some 
as yet unknown mechanism [38,40]. 
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Abstract 


Propionic acidemia (PÀ, MIM 232000 and 232050) is caused by a deficiency of mitochondrial biotin-dependent propionyl-CoA 
carboxylase (PCC, EC 6.4.1.3), a heteropolymeric enzyme composed of a and B subunits, which are encoded by the PCCA and PCCB genes, 
respectively. The PCCA protein (a subunit) is responsible for the formation of carboxybiotin upon hydrolysis of ATP and contains a C- 
terminal biotin-bindiag domain and a biotin carboxylase domain, defined by homology with other biotin-dependent carboxylases, some of 
them characterized scructurally. More than 24 mutations have been found in the PCCA gene in patients with PA, among them 14 missense 
mutations and one in-frame deletion, for which the precise molecular effect is unknown. In this study, we have established the pathogenicity 
of 11 PCCA mutations (10 missense and an in-frame deletion) by expression studies in deficient fibroblasts and in a cell-free in vitro system, 
and analyzed the effect of each mutation on PCC activity, protein stability and domain structure. The results show that most mutant proteins 
show an increased turnover and are functionally deficient, suggesting that the structural alterations they cause are incompatible with normal 
assembly to produce a stable, functional PCC oligomer. These results are discussed in the context of the genotype - phenotype correlations m 


PCCA-deficient PA »atients. 
@ 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Propionic acidemia (PA, MIM 232000 and 232050) 
results from a genetic deficiency of propionyl-CoA carbox- 
ylase (PCC, EC 6.4.1.3), a mitochondrial, biotin-dependent 
enzyme involved in the degradation of branched-chain 
amino acids, odd-number chain length fatty acids and other 
metabolites [1]. The enzyme is composed of two types of 
subunits, x and B, encoded by the genes PCCA and PCCB, 
respectively. Both subunits are synthesized as larger pre- 
cursors with mitochondrial leader peptides at the amino 
terminus [2]. 

The cDNAs for the « and B subunits have been cloned 
[3—5] and the structure of the genes elucidated [6,7]. The 
PCCA gene comprises 24 exons and the translation initia- 
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tion codon has recently been redefined 75 nucleotides 
upstream of the originally reported, which accounts for 25 
extra amino acids in the amino terminal region of the 
protein, although the mature protein is predicted to be the 
same [6]. The PCCB gene contains 15 exons [7]. 

Mutations in either gene cause PA [8]. which in most 
affected patients presents as a life-threatening ketoacidosis 
during neonatal period, although in other cases there is a late 
onset with milder symptoms. Up to date, no clear correlation 
has been found between the degree of enzyme deficiency in 
patients" fibroblasts, the clinical outcome and the genotype 
[9]. Recently, an animal model of PA was generated by 
creating PCCA knockout mice and also a transgenic strain 
expressing low levels of PCCA exclusively in the liver, both 
useful for the further understanding of PA pathogenesis and 
to test successful therapies of the disease [10]. 

PCC catalyses the ATP-dependent carboxylation of 
propionyl-CoA to p-methylmalonyl CoA. In the first 
half-reaction, catalysed by the e subunit, bicarbonate is 
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transferred to biotin upon hydrolysis of ATP to form 
` carboxybiotin. The Q subunit is responsible for the sub- 
sequent transfer of the carboxyl group of carboxybiotin to 
propionyl-CoA. In the a subunit, two functional domains 
have been identified by homology with other biotin- 
dependent carboxylases. They include a putative biotin 
carboxylase domain containing the ATP and bicarbonate- 
binding sites, and a C-terminal biotin-binding domain 
with the conserved A-M-K-M motif [11,12]. The homol- 
ogous proteins biotin carboxylase and biotin carboxyl 
carrier protein (BCCP), subunits of acetyl-coA carboxy- 
lase from Escherichia coli, have been crystallized recently 
[13,14], providing a structural framework to study the 
effect of PCCA mutations. 

Several expression studies have addressed the effect of 
pccb gene mutations on assembly and activity of the PCC 
enzyme [15-19]. However, extensive information on the 
effect of missense pcca mutations is still lacking, with only 
two reports describing defective biotinylation for the G668R 
mutation [12] and a reduced intramitochondrial stability of 
M373K [20]. In the present study, we report the expression 
of 11 PCCA mutations (10 missense and 1 in-frame dele- 
tion) in deficient fibroblasts and in a cell-free system with 
coupled import into rat liver mitochondria, with the aim of 
gaining further insight into the structure function relation- 
ship of human PCCA protein and into the genotype— 
phenotype correlations in PA. 


2. Methods 


Primary fibroblasts from a PCCA-deficient patient carry- 
ing IVS21 + 3deld mutation in homozygous fashion, were 
stably transformed by lipofection followed by phenotypic 
selection using the T22 plasmid which contains SV40 DNA 
sequences (kindly supplied by Dr. P.H. Gallimore) [21]. 
Previous studies had shown the absence of functional PCCA 
protein and undetectable PCC activity in the primary fibro- 
blasts [22], which was also confirmed in the transformed 
cells. These cells were used in the transfection experiments 
with the expression vectors pCMVA45-12 and pRcCMVB52 
(provided by Dr. Leclerc and Prof. Gravel), which code for 
the PCCA and PCCB cDNAs, respectively. Vectors contain- 
ing the desired mutations were prepared by PCR mutagenesis 
using the Quickchange mutagenesis kit (Stratagene). PCCA 
mutations are named according to the recently defined novel 
initiation codon [6]. For the delEx21 mutation, caused by the 
effect of different mutations in exon 21 splice acceptor and 
donor sites [22], two oligos: "GCACTCAGAGGACTGTC- 
CAGTACAAGGTGAATA TCTTAAC-3' and its comple- 
mentary were used to delete nucleotides 1846—1899 com- 
prising exon 21 from PCCA cDNA. The resulting cDNA 
codes for a PCCA protein lacking 18 amino acids (residues 
616—634). For each of the other point mutations, two mu- 
tagenic oligos, sense and complementary antisense, were 
designed with 13—15 bases of correct sequence on both sides 


of the mutation. Sequence analysis confirmed the identity of 
the mutant clones. 

Transfection was achieved by lipofection using Gene 
Porter" (Gene Therapy System) as transfection reagent 
and following the manufacturer's recommendations. 0.6 x 
10 cells were plated in 25-cm? flasks and transfected with 
30 ul of lipid and a mixture of DNA containing 2 ug of each 
PCCA (wild-type or mutant) and PCCB constructs in serum- 
free medium. After 5 h incubation at 37 °C, the medium 
was replaced by MEM with 1096 fetal calf serum. Cells 
were harvested 72 h after transfection and PCC activity 
assayed [23]. 

For the detection of biotin-bound proteins, transfected 
fibroblasts were harvested by trypsinization, resuspended in 
sucrose buffer (0.25 M sucrose, 10 mM Tris-HCl pH 7.4, 
EDTA 2 mM, PMSF 0.2 mM) and disrupted with a Teflon 
Potter homogenizer. Mitochondria were isolated by differ- 
ential centrifugation at 4 °C [24], suspended in sucrose 
buffer and protein concentration determined by the Bradford 
assay. Equal amounts of total protein (100 ug) from each 
sample were loaded on a denaturing 6% polyacrylamide gel. 
After electrophoresis, proteins were transferred to PVDF 
membranes (Immobilon™-P, Millipore) and the biotin-con- 
taining proteins were detected with an avidin alkaline 
phosphatase conjugate (Pierce), using NBT/BCIP (Pierce) 
as alkaline phosphatase substrate for color development. 

For in vitro transcription and translation, we used the 
pGEM-PCCA vector [20]. Mutations were introduced in the 
cloned PCCA cDNA using the Quickchange mutagenesis kit 
(Stratagene). One microgram of the resulting plasmids, 
normal or mutant, were used with the TnT Coupled Tran- 
scription/Translation kit (Promega) in the presence of [°°S]- 
Methioninet{*°S]-Cysteine (Promix L-[ S] in vitro cell 
labelling mix, Amersham Pharmacia Biotech) for 60 min 
at 28 °C, following the manufacturer's protocol. Rat liver 
mitochondria were prepared according to previously 
described methods [25] and were used at 30—40 mg/ml in 
HMS buffer (2 mM HEPES, pH 7.4, 220 mM p-mannitol, 
70 mM sucrose). Mitochondrial import was carried out with 
equal volumes of translation product and mitochondria, 
incubated at 30 °C for 60 min. The mitochondrial pellet 
was then separated from the supernatant by centrifugation, 
washed twice with HMS buffer, resuspended in the same 
buffer and further incubated at 37 °C, removing aliquots at 
different time points up to 24 h. After boiling in SDS buffer, 
samples were subjected to SDS-PAGE electrophoresis. The 
radioactive proteins were visualized after SDS-PAGE and 
fluorography. The bands were quantitated by laser densi- 
tometry. 

Structural analysis of PCCA mutations was performed 
using homologous crystallized proteins available in the PDB 
database. The biotin carboxylase subunit of E. coli acetyl- 
CoA carboxylase (PDB coordinates 1DV2) [13] was used as 
a template for the biotin carboxylase domain of PCC (amino 
acids 64—513). Both the E. coli BCCP (PDB coordinates 
1BDO) [14] and the 1.3 S subunit of the Propionibacterium 
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Table 1 
PCC activities in PCCA-deficient fibroblasts transfected with wild-type or 
mutant PCCA constructs 








Transfected PCC activity Relative PCC 
construct(s) (pmol/min/mg protein) activity" (%) 
pRC/CMV 31.1 £104 
pCMV-PCCA 580.8 + 171.4 ~ 
pCMV-PCCA + 3432 + 232.9 100 

pCMV-PCCB 
pCMV-PCCB + pCMV-PCCA with mutations: 
A75P 917.5 + 53 26.7 
R77P 125 + 26.9 3.6 
A138T 322.3 + 37.1 9.4 
1164T 544.7 + 70.2 15.8 
M229K 96.5 + 34.6 2.8 
D368G 148.6 + 32 43 
M373K 122.5 + 55.9 3.5 
G379V 18547.) 5.4 
G631R 113.5 x 27.6 33 
G668R 48 x 5.7 1.4 
delEx21 36.3 € 13.5 1.0 
Control 1123 + 455 

transformed 

fibroblasts 





The data show the mear + S.D. from at least two independent experiments. 
? Residual activity relative to that obtained with cotransfection with 
wild-type PCCA and PCCB constructs. 


shermanii transcarboxylase complex (PDB coordinates 
1DCZ) [26] were used as templates for the biotinylation 
domain of PCCA (amino acids 621-728). Models were dis- 
played using WebLab Viewer software (Molecular Simula- 
tions). 


3. Results 
3.1. Transient transfection in PCCA-deficient fibroblasts 


The introduction of wild-type PCCA cDNA in the 
deficient fibroblasts resulted in a partial restoration of 
PCC activity (580 + 171 pmol/min/mg protein). However, 
when both wild-type PCCA and PCCB cDNAs were 
cotransfected, enzvme activity levels were higher than for 
control transformed fibroblasts (3432 + 232.9 pmol/min/mg 
protein versus 1123 + 455 pmol/min/mg protein, respec- 






C wt 1164T 





A138T R77W  M229K D368G M373K G379V G631R delEx21 


La 


tively) (Table 1). This demonstrates that both subunits have 
been efficiently expressed, imported into mitochondria and 
assembled and that coordinated overexpression of both 
subunits is necessary to achieve maximal enzyme activity. 

A total of 11 PCCA mutations were analyzed by transient 
transfection in PCCA-deficient fibroblasts, with cotransfec- 
tion of wild-type PCCB. They include 10 missense muta- 
tions (A75P, R77W, AI38T, 1164T, M229K, D368G, 
M373K, G379V, G631R and G668R) and 1 in-frame 
deletion of 18 amino acids corresponding to exon 2l 
(delEx21), skipped in the mRNA as a consequence of 
different mutations in the splice donor and acceptor sites 
[22]. In all cases, PCC activity was clearly diminished 
compared to the results obtained with wild-type PCCA, 
demonstrating the pathogenicity of the mutations tested. 
Most mutant proteins resulted in <5% residual activity; 
only those carrying A75P, AI38T and 1164T substitutions 
showed a low — intermediate PCC activity (26.7%, 9.4% and 
1695, see Table 1). 

Examination of the pattern of biotinylated mitochondrial 
proteins in transfected fibroblasts demonstrated similar 
amounts of a-PCC subunit for wild type and all mutations 
tested except for G668R (Fig. 1). No biotinylated G668R 
protein is detected, in accordance with previous reports 
showing it is defective in biotin binding [27]. A slightly 
smaller molecular weight is observed for the delEx21 mutant 
protein, which has an internal deletion of 18 amino acids. 


3.2. Mitochondrial import and stability after in vitro 
synthesis 


The cell-free transcription—translation assay of human 
PCCA cDNA cloned in the pGEM vector yields a major 
radioactive product with a molecular mass of 72 kDa on 
SDS-PAGE, as predicted for the precursor a-PCC protein, 
and which can be efficiently imported into rat liver mito- 
chondria and processed to the mature form [20]. 

The different PCCA mutations described above were 
analyzed for mitochondrial import and stability after in vitro 
synthesis. G668R was not assayed as its major pathogenic 
effect is clearly a defect in biotynilation and M373K has 
already been analyzed by this method [20]. The remaining 
mutant proteins were synthesized, imported into mitochon- 
dria and converted into the mature form with comparable 


— pc 





A75P G668R 


Fig. 1. Detection of biotinylated proteins in mitochondrial extracts of PCCA-deficient fibroblasts transfected with wild-type (wt) and mutant constructs. C, 
control of non-transfected deficient fibroblasts. PC, pyruvate carboxylase. MCCA, a-subunit of methylcrotonyl-CoA carboxylase. 
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Fig. 2. Analysis of the intramitochondrial stability of wild-type and mutant PCCA proteins after in vitro synthesis and import into rat liver mitochondria. (A) 
Semilogarithmic plot of the mitochondrial degradation time courses of wild-type and mutant PCCA proteins. Labelled PCCA protein was quantitated by laser 
densitometry after SDS-PAGE and fluorography and the amount of residual mature PCCA expressed in percentages of the amount of imported protein in the 
sample at time 0. The results represent the mean from at least two experiments. (B) SDS-PAGE analysis of labelled wild-type and mutant PCCA protein 
turnover in mitochondria in a representative experiment. P, in vitro synthesized PCCA precursor before mitochondrial import. 


efficiency to the normal protein. However, the intramitochon- 
drial stability of most mutant proteins was clearly diminished 
compared to wild-type protein (Fig. 2). Only the mutant 
protein carrying M229K remains stable over the 24-h period; 
the rest are degraded more rapidly than the wild-type protein. 
This effect is very pronounced for A75P. Results from a 
representative experiment are shown in Fig. 2B. 


4. Discussion 
4.1. Functional effect of PCCA mutations 


We have used a transformed deficient cell line to 
investigate the effect of mutations in the PCCA gene. 
The use of transformed cells was necessary to generate 
sufficient quantity of cells for repeated expression assays. 
We have shown that it is possible to complement the 
enzyme defect by transfecting with wild-type PCCA 
cDNA, as already reported [28]. However, normal levels 
of activity were never achieved (only around 5094). This 
limitation was overcome by cotransfection with wild-type 
PCCB cDNA, which resulted in 3- to 4-fold higher PCC 


activity than in control transformed fibroblasts. The over- 
expression of only one subunit probably interferes with the 
overall assembly and activity of the PCC complex, which 
may depend on a critical stoichiometric balance between 
the two subunits, as has been argued for other enzymatic 
complexes [21]. 

To prove that the mutations identified in patients within 
the PCCA coding sequence are responsible for the PCC 
deficiency, we introduced the mutations in the cDNA 
cloned in a pCMV expression vector and tested them in 
a transient expression system. All normal and mutant 
cDNAs produced significant levels of biotinylated proteins 
(except mutant G668R, defective in biotinylation), al- 
though the enzymatic activity was partially or severely 
diminished. 

The crystallized E. coli biotin carboxylase subunit of 
acetyl-CoA carboxylase and both the E. coli BCCP protein 
and the 1.3 S subunit of P. shermanii transcarboxylase were 
used as models to study the structural effect of the PCCA 
mutations (Figs. 3 and 4). All mutated residues are well 
conserved in homologous proteins. Biotin carboxylase be- 
longs to a large family of proteins characterized by an ATP- 
grasp fold [29]. The residues involved in PCCA mutations 
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mapping to this domain were all found to cluster together in 
the three-dimensional structure, with the exception of 
M229K (Fig. 3). Residue M229 forms part of a hydrophobic 
pocket well conserved in all biotin carboxylases and in 
related structures, namely D-Ala:p-Ala ligase and gluta- 
thione synthase [30], which is involved in the interaction 
with the adenine moiety of the ATP. M229 lies within 
approximately 4.5 A of the ATP [13]. It has been suggested 
that the substitution for Lys destabilizes the pocket and 
reduces ATP binding, although the protein is stable and 
binds biotin, as shown in patients’ fibroblasts [27]. The 
remaining biotin carboxylase domain PCCA mutations 
(A75P, R77W, AI138T. 1164T, D368G M373K and 
G379V) map in close proximity in the crystalline structure 
(Fig. 3), clearly defining a region probably important for 
function and/or stability of the a subunit. This region lies 
exactly opposite away from the active site, which was 
defined after modelling the relative positions of bound 
biotin and ATP in Æ. coli biotin carboxylase [13]. A direct 
effect on catalysis is therefore unlikely, and the mutations 
are most likely affecting the structure of the protein. This 
structural alteration may affect the active site, but in vivo, 
the abnormally folded proteins are probably recognized and 


rapidly degraded as has been described in other diseases 
[31]. This is consistent with the fact that no protein is 
detected in patient's cells and with the observed accelerated 
mutant protein turnover after in vitro synthesis and mito- 
chondrial import. Only after overexpression of the proteins 
in the transfection experiments is it possible to detect the 
biotinylated mutant proteins in levels comparable to wild- 
type protein. These results confirm that the folding of the 
biotin carboxylase domain does not influence the biotiny- 
lation reaction. In fact, most of the PCCA protein does not 
seem to play a role in this, as the C-terminal 67 residues 
alone can act as a substrate for biotinylation by the BirA 
protein of E. coli [12]. However, in the expression experi- 
ments, the correctly biotinylated mutant proteins are defec- 
tive in enzymatic activity. The defect in folding/structure 
could also be affecting the normal assembly with the pB- 
subunit to produce a functional PCC oligomer. The putative 
folding defects may be analyzed by transient transfection of 
cells grown at lower temperature, improving folding and 
thus allowing to measure the effect (if any) of the mutations 
on the catalytic activity. This interesting experimental 
approach has been reported for several disease-causing 
mutations [32]. 





Fig. 3. Modelling of the PCCA biotin carboxylase domain against the £. coli biotin carboxylase subunit of acetyl-CoA carboxylase complexed with ATP (PDB 
accession number 1DVZ). The PCCA missense mutations found in the biotin carboxylase domain are positioned by alignment with the £. coli sequence where 


the normal residues are displayed as red ball and stick structures. 
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Fig. 4. Modelling of the PCC biotinylation domain against the E. coli 
BCCP of acetyl-CoA carboxylase (PDB accession number | BDO). PCCA 
mutations are identified by alignment and normal residues involved are 
represented as red ball and stick structures, 


Mutations G631R and G668R as well as delEx21 map to 
the biotinylation domain (Fig. 4). No biotinylated protein 
nor residual activity is detectable with the G668R mutation. 
It is highly probable that the protein is unstable, as in BCCP 
it has been described that the apoenzyme is less stable than 
the holoenzyme, and that biotin binding induces a confor- 
mational change resulting in increased protease resistance 
[33]. Both the deletion of exon 21 which eliminates beta 
strands [4] and p2, and mutation G631R, are compatible 


Table 2 


with a normal biotinylation of the PCCA protein, as seen in 
the expression studies, although the mutant proteins are 
inactive. Residue G631 is very well conserved in acetyl- 
CoA carboxylases from different species and in related 
structures corresponding to lipoyl domains of pyruvate 
dehydrogenase, glycine decarboxylase and 2-oxoglutarate 
dehydrogenase from different species. Both G631R and 
delEx21 result in proteins with an accelerated turnover in 
rat liver mitochondria after in vitro synthesis, which may 
also be the main molecular effect in the patient's cells. 


4.2. Genotype - phenotype correlations 


The clinical spectrum of PCC deficiency is extremely 
broad, and, in the case of PCCA-deficient patients, the 
establishment of genotype- phenotype correlations is ham- 
pered by the extensive genetic heterogeneity and by the fact 
that most patients are compound heterozygotes (Table 2). 

M373K and G631R changes are present in homozygous 
patients presenting a severe phenotype. This is in accordance 
with the expression assays where they exhibit null activity 
and accelerated protein turnover. The mild phenotype of the 
patients with AI38T (homozygous) and 1164T (hemyzy- 
gous, with a frameshift mutation on the second allele) is also 
in agreement with the partial residual activity recovered after 
transient expression (9% and 16%, respectively). Although 
steady-state protein is undetectable in patients" fibroblasts, 
newly synthesized or residual protein with partial activity 
could contribute to the milder phenotypic expression of the 
disease. This may also be the case of A75P, associated with 
26.7% residual activity, but which in contrast is the least 
stable after mitochondrial import in the cell-free system (Fig. 
2). A75P is present in a heterozygous patient, with a 
moderate psychomotor delay. In this case, the contribution 
of each mutant allele (A75P and G379V) to the phenotype is 
difficult to evaluate. 

The skipping of exon 21 in the mRNA produces an in- 
frame deletion of 18 amino acids (616—634) in the PCCA 
protein. Expression of the cDNA with the corresponding 


Genotypes, clinical presentation and biotinylation status of «PCC subunit of PA patients bearing PCCA mutations expressed in this work 





Patient Genotype Clinical Percentage PCC Biotinylated Reference 
presentation activity in patients’ «PCC subunit 
fibroblasts in fibroblasts 
3131 (BE) A75P/G379V Moderate no data No [27] 
SAG R77W/delEx21 Mild 3.5 Yes" [9] 
JMMO A138T/AI38T Mild 4 No [9] 
ESG 1164T/S147fs Mild 4 No [9] 
2967 (AG) M229K/ND Mild 0.6" Yes [27] 
3144 (NM) D368G/delEx20-21 Severe 2 No [27] 
JN M373K/M373K Severe 2 No [20] 
MSH delEx2 l/delEx21 Moderate 1.3 No [9] 
DFH, JCS, TC G631R/G631R Severe <l No [9]: this work 
3135 G668R/delEx22 Severe no data No [27] 








Mild: patieat alive with near-normal development. Moderate: Patient alive with moderate psychomotor delay. Severe: patient dead or severely retarded. 


* Yes: faint band of aPCC of normal size. 
^ PCC activity measured in patient's leukocytes. 
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deletion produces a protein devoid of enzymatic activity and 
rapidly degraded intramitochondrially. However, patient 
MSH, homozygous for this change, presents a moderate 
phenotype. In this patient, the genomic lesion is a short 
deletion (four nucleotides) in position +3 in the 5’ splicing 
donor site. Although a standard RT-PCR did not detect the 
presence of a correctly spliced transcript [22], this cannot be 
excluded as the invariant GT is conserved and the Shapiro 
splicing score is reduced to only 75%. Real-time PCR 
experiments and/or in vitro splicing analysis with minigenes 
could be employed to study this possibility, which could 
explain a less severe phenotypic expression in patients. 

Patient AG with a mild phenotype carries mutation 
M229K and a yet unidentified mutation not expressed in 
the cDNA on the second allele, so the patient can be 
considered hemizygous (M229K plus a functionally “null” 
allele). M229K mutant protein is the only one of our series 
that is stable after import to mitochondria (Fig. 2), which is 
consistent with the detection of normal amounts of biotiny- 
lated protein in patients’ cells. However, no residual activity 
is detectable in the PCC assay, which does not allow the 
analysis of the affinity for ATP. 

In summary, the high genetic heterogeneity in the pecca 
gene defies the drawing of simplistic conclusions on the ge- 
notype-phenotype correlations. The characterization of 
other mutations, newly identified as more patients are ana- 
lyzed, is necessary to get a deeper understanding on the 
structure and function of PCC and the relationship to disease 
phenotype. 
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Abstract 


Arücular cartilage has a poor reparative capacity. This feature is exacerbated with aging and during degenerative joint conditions, 
contributing to loss of motion and impairment of quality of life. This study focused on osteogenic protein-1 (OP-1) and its ability to serve as a 
repair-stimulating factor in articular cartilage. The purpose of this work was to develop a quantitative method for the assessment of the content of 
OP-1 protein in extracts from human articular cartilage and to investigate the changes in OP-1 mRNA expression and protein levels with aging of 
normal adult cartilage. Full thickness cartilage was dissected from femoral condyles of donors with no history of joint disease within 24 h of 
death. Levels of OP-I mRNA expression were measured by a semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) 
method; concentration of OP-1 protein was detected by new sandwich enzyme-linked immunosorbent assay (ELISA); qualitative changes in 
OP-1 forms were evaluated by Western blots with various anti-OP-1 antibodies. The sensitivity of the ELISA method allowed the detection of 
picogram quantities of OP-1 in cartilage extracts. We found that (1) concentration of OP-1 in normal cartilage is within the range of biological 
activity of OP-1 in vitro; and (2) during aging of human adult, articular cartilage, levels of OP-1 protein and message are dramatically reduced 
(more than 4-fold; p < 0.02). The major qualitative changes affected primarily mature OP-1. The results of the current study suggest the 
possibility that OP-1 may be critical for chondrocytes to maintain their normal homeostasis and could also serve as a repair factor during joint 


disease or aging. 
€ 2002 Elsevier Science B.V. All rights reserved. 


Keywords: Human articular cartilage: Aging; Bone morphogenetic protein; Osteogenic protein-1: ELISA: PCR 


1. Introduction 


Osteoarthritis (OA) is a debilitating joint disease affect- 
ing primarily the elderly. OA is rare in young adults, 
developing symptomatically and radiographically in adults 
by their late 40s and 50s, and then, rapidly increases in 
prevalence from age 60 to 70 [1]. However, the mechanisms 
that turn normal aging of articular cartilage into the patho- 
logical OA process are currently unknown. In general, as 
any biological tissue or organ ages, function gradually 
declines and susceptibility to disease and injury increases 
[2]. During the last decade, a number of age-related changes 
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in cartilage have been documented: (1) an increased dena- 
turation of collagen type II [3]; (2) a decline in synthesis of 
DNA [4], proteoglycans (PG) and link protein [5-8]; (3) an 
increased sulfation of chondroitin sulfate [9]: (4) accumu- 
lation of hyaluronan [10] and cartilage intermediate layer 
protein [11]: (5) structural changes in fibromodulin [12]; (6) 
a decreased capability of assembling large molecular size 
aggregates [7]; (7) elevated levels of transglutaminase 
activity that promotes a pathologic matrix mineralization 
and cartilage degeneration [13]: and (8) increased apoptosis 
[14]. Importantly, with aging, the responsiveness of articular 
cartilage to different growth factors, such as transforming 
growth factor-( (TGF-p) [6,15], insulin-like growth factor-| 
(IGF-1) [16], epidermal growth factor (EGF) [4], osteogenic 
protein-1 (OP-1) [17] and others, was also changed. 

While the underlying causes of articular cartilage degen- 
eration seen with age have not been identified, there is 
increasing. evidence that cytokines and growth factors, 
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especially those expressed endogenously in cartilage, play a 
critical mediatory role. Since growth factors, and particu- 
larly members of the bone. morphogenetic protein family 
(BMP), are important regulators of matrix production that 
can also inhibit certain degradative processes, it is not dif- 
ficult to envision how a loss in the biologically active endo- 
genous growth factor could play a role in the development 
of matrix damage. 

BMPs were originally identified as proteins capable of 
inducing ectopic endochondral bone formation in subcuta- 
neous implants [18,19]. Subsequent molecular cloning 
revealed that the BMP family consists of a large number of 
related molecules that belong to the TGF-B superfamily. 
Although BMPs were initially found in the bone matrix, it 
is now clear that they are expressed in a variety of tissues. OP- 
1 is the seventh member of this family (BMP-7). It is 
synthesized as a large precursor, approximately three times 
larger than a mature protein, and is ultimately processed 
proteolytically at the C-terminal region to yield a mature 
disulfide-linked dimer. OP-1 is the most closely related to 
BMP-6 and BMP-5 (88% and 87% homology), and to a lesser 
extent to BMP-2 and BMP-4 (60% and 58%), with some 
homology to BMP-3 (42%) and TGF-B (about 30%) [20,21]. 
Originally, OP-1 was purified from bovine demineralized 
bone [22] with its recombinant form being subsequently 
cloned from human cDNA libraries in Chinese hamster ovary 
(CHO) cells [23]. The critical importance of BMPs for 
cartilage and bone formation was demonstrated using the 
transgenic approach: lack of some BMP genes caused skel- 
etal abnormalities and eventually the lethality of mouse 
embryos [24,25]. Recent studies from our.department 
[17,26 —28] have focused on the potential role of exogenous 
OP-1 in human and bovine cartilage homeostasis and repair. 
We showed that human recombinant OP-1 caused a signifi- 
cant anabolic response in articular cartilage. It induced the 
synthesis of major matrix components (aggrecan and colla- 
gen type II) in human chondrocytes of different age [17,26] 
with continued expression of the chondrocyte phenotype. In 
addition, OP-1 has been shown to induce the synthesis of 
hyaluronan, its receptor CD44 and hyaluronan synthase-2, to 
promote the formation and retention of the extracellular 
matrix [28], and to counteract catabolic events, such as 
interleukin-1 (IL-1), fibronectin and collagen fragment- 
induced human cartilage degeneration [26,27,29]. When the 
effect of OP-1 on the Fn-f-challenged cartilage was compared 
to that of TGF-p, it was found that TGF-B was not able to 
block Fn-f-mediated PG depletion, but by itself promoted a 
decrease in cartilage PG content [27]. Importantly, recombi- 
nant OP-1 did not lead to chondrocyte proliferation and 
differentiation in human and bovine adult articular cartilage 
during short-term culture [17,30]. 

Noteworthy, we previously showed [31] that OP-1 is 
endogenously expressed by human.adult articular chondro- 
cytes. Moreover, in human articular cartilage, OP-1 is 
present in two forms, unprocessed, pro-form, and processed, 
mature-form, that are distributed in the inverted manner. 


Mature OP-1 is immunolocalized primarily in the superficial 
layer of cartilage, while pro-OP-1 is detected in the deep 
layer. The endogenous expression of OP-1 by articular 
chondrocytes indicates that articular cartilage has the poten- 
tial to repair and migbt suggest the unique role of this BMP 
in tissue protection and regeneration. This is supported by 
recent data [32] where overexpression of OP-1 in mice led 
to the increased synthesis of matrix macromolecules, colla- 
gen type II and PGs. 

The purpose of the current study was to investigate 
changes in endogenous OP-1 (protein and mRNA) with 
aging of human articular cartilage. We hypothesized that 
with aging, there will be a decline in the levels of endoge- 
nous OP-1, primarily, mature form of the protein, that might 
contribute to the elevated susceptibility of cartilage to the 
degenerative processes. To assess quantitatively the concen- 
tration of total endogenous OP-1 protein in cartilage extracts, 
we developed a sandwich OP-1 enzyme-linked immuno- 
sorbent assay (ELISA). We present here a quantitative data 
on age-related changes in endogenous OP-1 mRNA and 
protein and provide a qualitative analysis of these changes. 


2. Materials and methods 
2.1. Reagents 


Human recombinant pro- and mature-OP-1, BMP-6, anti- 
pro (R2854) and anti-mature (1B12) OP-1 antibodies were 
provided by Stryker Biotech (Hopkinton, MA). Two other, 
anti-mature OP-1 antibodies (sc-9305 and MAB 354) were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA) 
and R&D Systems (Minneapolis, MN). Electrophoresis 
grade reagents were purchased from Bio-Rad (Hercules, 
CA). Chemicals, either reagent or molecular biology grade, 
were purchased from Sigma (St. Louis, MO) unless other- 
wise noted. Keratanase (Ker; Pseudomonas sp.; EC 3.2.1. 
103), keratanase II (Ker II; Bacillus sp. Ks 36) and chon- 
droitinase ABC (CHase; Proteus vulgaris; EC 4.2.2.2) were 
obtained from Seikagaku, Japan. Hyaluronidase (bovine 
testicular) was purchased from Sigma and Collagenase P 
(Clostridium histolyticus) was purchased from Boehringer 
Mannheim. 


2.2. Tissue acquisition 


Full thickness normal human articular cartilage was 
dissected from load bearing regions of femoral condyles 
of donors with no history of joint disease within 24 h of 
death. Samples from men and women ranging from 20 to 80 
years old were obtained, with institutional approval, through 
the Regional Organ Bank of Illinois according to their 
protocol. After opening the joint, the surface of the cartilage 
was grossly examined. Although all cartilages were 
obtained from normal donors, not all of them appeared to 
be normal. Some samples revealed degenerative morpho- 
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logical changes. All cartilages were processed for either 
messenger RNA or protein extraction. 


2.3. OP-1 antibodies 


We used four different antibodies for this study. Anti- 
bodies obtained from Stryker Biotech (R2854 and 1B12) 
were previously described and specificity toward OP-1 was 
tested [31,3335]. The polyclonal antibody R2854 was 
raised in rabbits against the monomeric pro-domain of the 
OP-1 molecule. For the detection of the mature domain of 
OP-1, we utilized three antibodies that were available to us 
either from commercial sources or from Stryker Biotech. 
Two monoclonal antibodies, 1B12 and MAB354. were 
raised against the monomeric mature domain of OP-1. A 
third, polyclonal antibody sc-9305 was raised against a 15- 
amino-acid synthetic peptide within the N-terminus of the 
mature OP-1 domain. The specificity of all antibodies was 
tested by the companies that produced these antibodies. 
However, taking into consideration the high homology 
between OP-1 and BMP-6 and the fact that the recombinant 
BMP-6 was cloned after the anti-OP-1 antibodies were 
produced, all antibodies used for the current study were 
tested for cross-reactivity with BMP-6 (Fig. 1). 


2.4. Cartilage extraction 


Five hundred milligrams of fresh donor cartilage was 
lyophilized overnight and the dry weight of the tissue was 
determined. Samples were pulverized in liquid nitrogen and 
150 mg dry weight) of cartilage tissue was extracted with 
3.5 ml of ice-cold 1 M GuHCI buffer, pH 7.5, containing 10 
mM CaCh, 50 mM Tris, and protease inhibitors (Protease 
inhibitor cocktail tablets, one tablet per 10 ml of ice-cold | 
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Fig. 1. Specificity of different anti-OP-1 antibodies as detected by Western 
blotting. (A) Anti-mature OP-1 antibody sc-9305 (Santa Cruz Biotechnol- 
ogy); (B) anti-mature OP-1 antibody 1B12 (Stryker Biotech): (C) anti-pro- 
OP-1 antibedy R2854 (Stryker Biotech); (D) anti-mature OP-1 antibody 
MAB354 (R&D Systems); (E) antibody that recognizes both BMP-6 and 
BMP-7. Lane |, recombinant BMP-6; Lane 2, recombinant BMP-7. A, B, 
C, and E---proteins were loaded under non-reduced conditions; D— 
proteins were reduced with 10% B-mercaptoethanol. Immunoreactive band 
at 36 kDa corresponds to mature OP-1 dimer; band at 17 kDa corresponds 
to mature OP-1 monomer; bands above 36 kDa correspond to the 
aggregates ef the recombinant proteins. These data prove the specificity of 
the antibodies toward OP-1 protein. 


M GuHCI buffer; Roche Diagnostics, Indianapolis, IN). The 
extraction was performed at 4 ^C for 4 h with rotation. 
Supernatants were centrifuged at 2500 rpm for 10 min at 4 
°C, dialyzed for 2 days in water (12,000—14,000 MW 
cutoff) and stored at 4 ^C. To prove the efficiency of the 
extraction, the cartilage tissue underwent a second extrac- 
tion after the supernatants were removed. These extracts 
were also analyzed by Western blotting and ELISA. 


2.5. SDS-PAGE and Western blot analysis 


2.5 mg dry weight of each sample (lyophilized) was 
solubilized in a buffer containing 10 mM Tris, pH 6.5, 1% 
SDS. 10% glycerol, 0.016% bromphenol blue. Samples were 
loaded onto SDS-PAGE gel under reduced (with 2-mercap- 
toethanol) or non-reduced conditions. Western blots were 
performed following 12% SDS-PAGE gels. To reduce non- 
specific binding, blots were incubated with blocking solution 
containing 5% non-fat dry milk (Bio-Rad) in Tris-buffered 
saline with 0.05% Tween 20 (TBS/Tween) (Bio-Rad) for 1 h 
at room temperature. The blots were incubated with primary 
antibody at suggested dilutions in TBS/Tween: 1:250 for 
R2854 and MAB354 anti-OP-1 antibodies, and 1:100 for sc- 
9305 antibody. As a secondary antibody, either ImmunoPure 
goat anti-mouse IgG (Pierce, Rockford, IL) or donkey anti- 
rabbit IgG (Pierce) conjugated with horseradish peroxidase 
at 1:10,000 dilutions in TBS/Tween was used. The blots 
were developed with the Enhanced Chemiluminescent 
(ECL-Plus) kit for Western blotting (Amersham Pharmacia 
Biotech, England). Specificity of the binding was compared 
with the binding of the antibodies to recombinant pro- or 
mature OP-1. Secondary antibodies were also tested for non- 
specific binding. The densities of specific immunoreactive 
bands was scanned by Fluor-S Multilmager (Bio-Rad) and 
quantified by Quantity One Software program (Bio-Rad). 


2.6. Chemiluminescent sandwich ELISA 


For sandwich ELISA, two anti-OP-1 antibodies, poly- 
clonal sc-9305 and monoclonal 1B12, were used. Polyclo- 
nal anti-OP-1 antibody was utilized as a coating antibody. 
Plates were coated with 50 ng/well of this antibody in TBS, 
pH 7.5, and incubated overnight at 4 °C. Non-specific 
binding was blocked with 200 pl/well blocking solution 
(5% non fat dry milk in TBS/Tween, pH 7.5) for 2 h at room 
temperature. To generate a standard curve, mature recombi- 
nant OP-1 was diluted in TBS/Tween at different concen- 
trations ranging from 10 to 0.01 ng/ml. Either OP-1 standard 
(100 jl) or cartilage extract was added to the plate and 
incubated for | h at room temperature. Second anti-OP-1 
antibody (1B12) was applied at 1:1000 dilution in TBS/ 
Tween and incubated at room temperature for 1 h. Immu- 
noPure goat anti-mouse IgG peroxidase conjugated anti- 
body (Pierce) was used at 1:10,000 dilution as a secondary 
antibody. The reaction was developed with Supersignal 
ELISA Femto Maximum Sensitivity Substrate (Pierce). 
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The data were obtained through chemiluminescent ELISA 
plate reader Victor2 (Wallac) as relative light units (RLU). 


2.7. Reverse transcription-polymerase chain reaction (RT- 
PCR) 


Total RNA was extracted directly from cartilage tissue 
with acid-guanidinium thiocyanate as previously described 
[36]. Specific primer pairs were constructed for OP-1 [31] 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
These primer pairs were designed to yield PCR products of 
different sizes (319 base pairs [bp] for GAPDH and 313 bp 
for OP-1). OP-1 primers used for nested RT-PCR: (a) 21- 
mer, antisense, location 1810—1830, S-TTTTCCTTTCGC- 
ACAGACACC-3; (b) 20-mer, sense, location 1328-1347, 
S-TGCCATCTCCGTCCTCTACT-3; and (c) 23-mer, sense, 
location 1518—1540, 5'-TTCCCCTCCCTATCCCCAACTT- 
T-3'. The specificity of the primers was previously proven 
[31]. GAPDH primers were: sense, 5'-GGTATCGTGGAAG- 
GACTCAT-3’ and antisense, 5'-ACCACCTGGTGCTCA- 
GTGTA-3’. Approximately 1 ugoftotal RNA was trans- cribed 
using reverse transcriptase as described by Cs-Szabo et al. 
[36]. Five microliters of the resulting cDNA was am-plified 
by PCR using Jag DNA polymerase (Promega, Madi-son, WI) 
in the presence of specific upstream and down-stream primers 
[15 pM each; primers (a) and (b) for OP-1 gene]. 0.5 microliters 
of the first amplification product and a second sense primer 
[primer (c); nested primer] was used for a subsequent ampli- 
fication step. To perform RT-PCR at the optimal conditions 
and to stay within the logarithmically linear product forma- 
tion, 30 cycles were chosen (45 s at 95 °C, 30 s at 57 °C of 
annealing temperature and 45 s at 72 ?C forthe primers used), 
followed by the final extension for 5 min at 72 °C. PCR 
products were separated in 3% Metaphor agarose gels (FMC 
BioProducts, Rockland, ME) and visualized by ethidium 
bromide staining. Densities ofthe bands were measured using 
Fluor S Multilmager (Bio-Rad) with attached Quantity one 
software program (Bio-Rad). The densities ofthe OP-1 bands 
were normalized to the densities of the GAPDH bands to 
control variability among samples. 


2.8. Statistical analysis 

All results shown are mean + S.D. of at least three 
separate experiments, with triplicate determination for each 
point. Covariation significance was determined by Pearson 
correlation of normal data. 
3. Results 
3.1. Antibody specificity 

For the current study, we have used either commercially 


available antibodies or antibodies produced by Stryker Bio- 
tech. Although the specificity of these antibodies was pre- 


viously proven, we have tested their cross-reactivity to the 
closely related member of the BMP family, BMP-6, of which 
the recombinant form became recently available. As a pos- 
itive control, human recombinant processed (mature) OP-1 
dimer was used (molecular weight is 36 kDa for dimer and 17 
kDa for the reduced monomer). It is important to mention that 
with storage, recombinant OP-1 might form higher molecular 
weight aggregates that could be detected by the antibodies as 
a higher molecular weight band. In Fig. 1A —C, and E, BMP-6 
and -7 were loaded onto the gels under non-reduced con- 
ditions; while in Fig. 1D, these proteins were reduced with 
10% B-mercaptoethanol. As shown in Fig. 1, anti-mature OP- 
1 antibodies sc-9305 (Fig. 1A), 1B12 (Fig. 1B) and MAB354 
(Fig. 1D) clearly recognized mature form of OP-1, both a 
dimer (36 kDa) and a monomer (17 kDa); none of the 
antibodies cross-reacted to BMP-6. Anti-pro-OP-1 antibody 
R2854 (Fig. 1C) showed no specific binding neither to BMP- 
6, nor to mature OP-1. As we showed previously [31], this 
antibody reacts only with pro-domain of OP-1. As a control, 
antibody that cross-reacts with both BMPs, BMP-6 and 
BMP-7, is shown in Fig. 1E. 


3.2. OP-1 ELISA method 


To quantify antigenic endogenous OP-1 present in 
tissue extracts and culture media, a sandwich ELISA 
method has been developed. Several parameters have been 
tested: different combinations of anti-OP-1 antibodies, 
effect of pH, various extraction buffers, enzyme digestions, 
normalization to the protein content or dry weight, etc. We 
found that the highest sensitivity of the method was 
achieved when the combination of polyclonal peptide 
antibody sc-9305 (coating antibody) and monoclonal 
1B12 antibody was used. Standard curves were originated 
by utilizing human recombinant mature OP-1 at different 
dilutions ranging from 0.01 to 10 ng/ml (Fig. 2). The 
conformation of OP-1 epitope and therefore the sensitivity 
of the method depend also on the pH of the buffer used for 
ELISA. A wide range of pH values for TBS/Tween buffer 
was tested (Fig. 3). Since the extraction buffer has a 
neutral pH and at neutral pH the ELISA readings were 
in the middle range, this pH was chosen as a standard for 
OP-1 ELISA. To address the question of whether cartilage 
extracts have to be dialyzed before the assessment by 
ELISA, we have tested the effect of two extraction buffers 
(1 M GuHCl and lysis buffer) on ELISA readings. As 
shown in Fig. 4A, the presence of 1 M GuHCl buffer 
inhibited the binding of OP-1 by 50% or more, while the 
lysis buffer did not affect the ELISA results (Fig. 4B). 
However, when the same cartilage specimens were 
extracted with both buffers and then analyzed by ELISA, 
we found that more antigenic OP-1 could be extracted 
from cartilage tissue with GuHCl buffer than with lysis 
buffer (Table 1). To overcome this problem, GuHCl buffer 
was selected as an extraction buffer, and all samples had to 
be dialyzed before further analysis. 
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Fig. 2. Typical standard curve with human recombinant OP-1 generated by chemiluminescent sandwich ELISA method. 


To standardize the ELISA method and to address the 
possible decline in cell numbers and depletion of matrix 
molecules that influence cartilage extractability with aging, 
before extraction, 500 mg of tissue (wet weight) was always 
lyophilized (to avoid the influence of matrix), pulverized in 
liquid nitrogen and extracted with | M GuHC] in a ratio of 
150 mg (dry weight) of tissue per 3.5 ml of buffer. A repeated 
extraction of the remaining tissue with 4 M GuHCl buffer 
showed no extractable OP-1 left as detected by ELISA. To 
confirm quantitatively that 1 M GuHCl buffer extracts the 
most of the antigenic OP-1, aliquots of the same cartilage 
sample were extracted with a variety of extraction buffers 
including: (1) 1 M GuHCl, 0.005 M EDTA, 0.05 M NaCl; (2) 
50 mM Tris, 1 M GuHCl, (3) 50 mM Tris, 4 M GuHCl, (4) 50 
mM Tris, 20 mM Na;HPO,; (5) 50 mM Tris, 1% SDS: (6) 50 
mM Tris, 0.15 M p.-mercaptoethanol; (7) 50 mM Tris, 0.1 M 
NaCl, 8 M urea; and (8) 50 mM Tris, 1 M NaCl, 8 M urea. The 
choice of the dissociative/extraction agents was based on the 
specifics ofthe extraction of BMPs and the ability of BMPs to 
bind the components of cartilage extracellular matrix [19]. 
All these extracts were quantitatively analyzed by ELISA. 1 
M GuHCl buffer was found to be the most appropriate for 
OP-1 extraction from human adult articular cartilage. 

While seeking the most sensitive ELISA conditions, 
different enzymatic treatments of cartilage extracts were 
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performed. Cartilage extracts were treated for 1 h at 37 °C 
with hyaluronidase (1 mg/ml), collagenase (5 mg/ml), chon- 
droitinase ABC (0.1 U/ml), keratanase (0.1 U/ml), keratanase 
H (0.001 U/ml) and combinations of these enzymes and 
analyzed by ELISA. The values in the treatment groups were 
compared to control groups (no prior digestion) (Table 1). We 
found no significant differences between the groups in 
ELISA readings. Therefore, enzymatic digestion is not 
included in the standard protocol for ELISA. The high 
sensitivity of this method was achieved by utilizing Chem- 
iluminescent Supersignal ELISA Femto Maximum Sensitiv- 
ity Substrate (Pierce). 


3.3. Cartilage ELISA results 


Extracts from all cartilage samples were analyzed with 
the sandwich ELISA method described above. We found 
that with increasing age, the content of endogenous OP-1 
protein significantly declined (p « 0.02; Fig. 5). Age of the 
donors and the levels of OP-1 protein showed a significant 
covariation (Pearson correlation, p < 0.02). Although carti- 
lage samples were obtained from organ donors with no 
history of joint disease, not all of them appeared to be 
normal. It is noteworthy, that a decrease in the levels of OP- 
| protein with age was found not only in the group that 
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Fig. 3. Effect of pH of the TBS/Tween buffer on a standard curve generated by OP-]1 sandwich ELISA. 
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Fig. 4. Effect of 1 M GuHCl extraction buffer (A) and lysis extraction 
buffer (B) on a standard curve generated by OP-1 ELISA. Closed squares, 
human recombinant OP-1 diluted in TBS/Tween buffer; opened circles, 
human recombinant OP-1 diluted in lysis buffer. 


consisted of normal tissues and tissues exhibiting early 
degenerative changes, but also in the subgroup of normal 
cartilages only. When specimens with normal histomorpho- 
logical appearance were secluded in a separate subgroup 
and analyzed for the content of OP-1 protein, the same 
statistical differences were detected (open circles for normal 
cartilages only, Fig. 5). 


3.4. Western Blot analysis 


For Western blotting, representative samples were taken 
from each age decade and analyzed with anti-mature OP-1 
antibody. The gels were scanned and the densities of the 
immunoreactive bands were measured. Two major OP-1 


Table 1 

Effect of enzymatic digestion or the content of endogenous OP-l in 
extracts from the same cartilage specimen as detected by ELISA 
(mean + S.D.) 





Type of treatment 


1 M GuHCI buffer only 

1 M GuHCl buffer + CHase, Ker, Ker H 
1 M GuHCI buffer + CHase, Collagenase 
1 M GuHCl buffer + Hyaluronidase 

1 M GuHCI buffer + Collagenase 

Lysis buffer 

Lysis buffer + CHase, Collagenase 


ELISA (ng/ml) 


0.03 + 0.0027 
0.027 + 0.0019 
0.022 + 0.0024 
0.025 + 0.0027 

0.0181 + 0.0011 
0.017 + 0.0013 
0.017 + 0.0009 
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Fig. 5. Concentration of endogenous OP-1 protein detected by sandwich 
ELISA method in extracts from all tested human adult articular cartilages 
(solid squares) or in extracts from normal cartilages only (open circles). 


bands were present in all tested cartilages regardless of the 
age of donors (Fig. 6A). These bands represented fully 
processed mature OP-1 form (molecular weight is 36 kDa) 
and the partially processed intermediate form of the OP-1 
protein (molecular weight is 75 kDa). Semi-quantitative 
densitometric analysis of each of the bands demonstrated 
a decrease in the intensity of these bands with age, which 
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Fig. 6. Changes in OP-1 protein with age detected by Western blotting. (A) 
Representative Western blot with anti-mature OP-1 antibody of cartilage 
extracts from each age decade. Band at 75 kDa indicates a hemidimer form 
of OP- that consists of OP-1 mature dimer and one attached pro-domain 
35]: band at 36 kDa corresponds to the mature OP-1 dimer. (B) Semi- 
quantitative image analyses of the Western blot described in A. Trendlines 
indicate the changes in the intensity of the major OP-1 immunoreactive 
bands. 
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Fig. 7. Graphical illustration of the changes in OP-1 mRNA expression with 
aging of human adult articular cartilage. Semi-quantitative analysis of the 
PCR bands. The levels of OP-1 message normalized to the levels of 
GAPDH message. Solid squares represent all tested cartilage samples: open 
circles represent a subgroup of normal cartilages. 


correlated to ELISA findings (Fig. 6B). Western blot results 
were normalized to tissue dry weight, as were ELISA data. 


3.5. RT-PCR results 


For PCR analysis, total RNA was extracted directly from 
cartilage tissue without previous chondrocyte isolation or 
culture. Aliquots of the same mRNA were used for nested 
RT-PCR with OP-1 and GAPDH specific primer sets. Both 
PCR products were amplified with the same number of 
cycles. GAPDH was chosen as the normalization factor, 
since it is a housekeeping gene. We found that with aging 
levels of GAPDH mRNA expression in normal cartilage did 
not vary for more than 10%. As it was identified on the 
protein level, OP-1 mRNA expression in articular cartilage 
decreased with the increasing age of donors (Fig. 7; 
p<9.001). 


4. Discussion 


This study confirms an age-related decrease in the 
anabolic activity of human adult articular cartilage. The 
anabolic activity of cartilage was evaluated via the assess- 
ment of changes in endogenous OP-1, a BMP that is 
considered to be one of the most potent inducers of cartilage 
regeneration and repair. We observed greater than a 4-fold 
decline in OP-1 protein content between ages of 35 and 75 
years. The data showed that there was a greater decline in 
OP-1 mRNA expression, where in some cartilages from 
older individuals, OP-1 message was barely detectable or 
was below the detection limit. Another important result of 
our study is that the concentration of endogenous OP-1 
protein in normal articular cartilage is within the range of 
biological activity of OP-1 (50—100 ng/ml) in vitro, as we 
have shown previously [17,26 —28]. 

One of the main difficulties in studying human tissue has 
been to distinguish between non-pathologically (normal) and 
pathologically progressive (degenerative) aging of articular 
cartilage. The uniqueness of the present study lies in the 
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examination of age-related changes in human adult articular 
cartilage obtained from normal individuals through the 
collaboration with the Regional Organ Bank of Illinois in 
Chicago. For this study, cartilage from organ donors with no 
documented history of joint disease was selected. Although 
üssue was collected from normal individuals (not from 
patients), not all of the cartilages appeared normal. Some of 
them displayed degenerative changes described in detail in 
Chubinskaya et al. [37]. Therefore, tissue selected for the 
current study was divided into two subgroups. One group 
included the entire spectrum of cartilages, and one group 
consisted only of normal cartilages (normal histomorpholog- 
ical appearance). Critically, statistical changes in endogenous 
OP-1 with age were observed in both groups, suggesting that 
the decline in anabolic activity of human chondrocytes is 
associated not only with degenerative changes, but is truly an 
age-related process. 

The decrease in endogenous OP-1 with aging of human 
articular cartilage is consistent with previous findings on 
changes in the levels of other growth factors and their 
receptors, for example, a decrease in mRNA expression of 
TGF-f41. 2 and 3 in aging equine articular cartilage [6] and 
increase in EGF synthesis and a decrease in the EGF- 
receptor mRNA by rat articular chondrocytes [4]. However, 
our study is the first to show an age-related decrease in 
endogenous OP-1 in human adult articular cartilage. Also, 
in the current study, we evaluated changes in both levels, 
message and protein, and found that there was a decrease in 
OP-1 mRNA and protein expression with age. 

Even though it is apparent that elderly people have 
decreased levels of OP-1, it still remains unclear whether 
this phenomenon is a result of aging per se or is due to other 
age-related variables. The decrease in OP-1 protein in part 
could be due to the suppression of mRNA expression (as we 
demonstrated in this study), but also due to many other 
processes including but not limiting a general slower meta- 
bolic activity of older cells, increased degradation of OP-1 
due to an activation of catabolic events in cartilage, increase 
in OP-1 binding proteins, changes in OP-1 receptors or 
other members of the BMP signaling pathway, etc. 
Although degradation of OP-1 protein could be one of the 
reasons in the decline of OP-1, we have not noticed an 
accumulation of the degradation products in cartilage 
matrix. As a consequence of aging, catabolic events could 
be induced and different proteinases present in cartilage 
could be activated leading to a degradation of a number of 
matrix proteins including mature OP-1. Also mature OP-1 
might undergo autodegradation and might be degraded by 
serine proteinases. 

The results obtained by Western blot analysis suggest that 
the predominant form of OP-1 in cartilage is the intermediate 
form (75 kDa). although some OP-1 is also present in the 
mature (active) form (36 kDa). Since 75 kDa is a partially 
processed form of OP-1 that contains in its structure one 
bound pro-domain and one non-covalently associated pro- 
domain in addition to two mature domains [35], we do not 
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expect this form to be biologically active. By analogy to TGF- 
B, pro-domain could function as a latency-associated protein 
that prevents binding of mature BMP molecule to its recep- 
tors [39]. However, the function of pro-domain is well 
described only for TGF-p, and it remains unclear whether 
pro-domain in other BMPs plays a similar role in preventing 
the biological activity of these molecules. 

The effect of binding proteins on endogenous OP-1 
pathway in cartilage is largely unknown. If there 1s an 
increase in BMP binding proteins with age as it is docu- 
mented for IGF-1 binding proteins [38], the decline in OP-1 
with age could be attributed by this phenomenon. The 
exploration of OP-1 binding proteins in human adult artic- 
ular cartilage and their effect on different cartilage matrix 
molecules might shed the light on the entire OP-1/BMP 
pathway role in aging and disease. As it was shown by 
Martin et al. [38], an elevation of IGF binding proteins in rat 
articular chondrocytes was one of the reasons for the 
suppression of the synthetic activity of cells with age in 
response to IGF-1. Also our preliminary experiments ındi- 
cate that BMP binding proteins added to cultures of human 
articular chondrocytes suppress OP-1 and lead to a decline 
in PG synthesis (unpublished data). 

The results obtained in the present study confirm an age- 
related decline in endogenous OP-1, one of the most potent 
naturally occurring agents produced by chondrocytes that 
could counteract cartilage destruction and/or facilitate its 
repair. These data prompted us to develop a hypothesis that 
a decrease in endogenous OP-1 metabolism with aging may 
lead to an elevated susceptibility of cells to catabolic pro- 
cesses thus contributmg/promoting cartilage degeneration. 
Further work is needed to confirm this hypothesis and to 
understand the function of endogenous OP-1 in cartilage. 
The availability of quantitative and qualitative methods 
described here will provide necessary tools for answering 
these and other questions and could be useful in monitoring 
therapies and/or disease prognosis. The results of this study 
suggest future means of using OP-1 to stimulate normal 
phenotypic activity in articular chondrocytes and maintain/ 
restore function 1n affected joints. 
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Abstract 


Molybdenum cofactor deficiency 1s a fatal neurological disorder, which follows an autosomal-recessive trait and 1s characterized by 
combined deficiency of the enzyme, sulfite oxidase, xanthine dehydrogenase and aldehyde oxidase. Early detection of molybdenum cofactor- 
deficient patients 1s essential for their proper care and genetic counselmg of families at risk. We demonstrate the use of S-sulfonated 
transthyretin (TTR) as a marker for molybdenum cofactor deficiency. Plasma or sera obtained from 4 patients with molybdenum cofactor 
deficiency and 57 controls were studied by electrospray ionization mass spectrometry (ESIMS) followmg selective enrichment of TTR by 
immunoprecipitation using protem G/A agarose The data obtained from molybdenum cofactor deficiency samples indicated a strong 
merease in the peak height of S-sulfonated TTR. A more significant difference was revealed 1f the peak height ratio of S-sulfonated TTR and 
the sum of the other oxidized TTR were determined By accurate determmation of the ratio, the samples of molybdenum cofactor deficiency 


patients could clearly be distinguished from controls without molybdenum cofactor deficiency 
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1. Introduction 


We reported previously a unique isoform of serum trans- 
thyretin (TTR), which was S-sulfonated by excessive sulfite 
in vivo in a patient with molybdenum cofactor deficiency 
(MCD) [1]. Molybdenum cofactor is essential for the func- 
tion of the enzymes sulfite oxidase, xanthine dehydrogenase 
and aldehyde oxidase [2]. MCD and isolated sulfite oxidase 
deficiency result 1n a severe clinical phenotype, which is, in 
most cases, characterized by nontreatable convulsions pre- 
senting early after birth. Besides neurological symptoms and 
anatomic brain anomalies, ectopic lenses, dysmorphic signs, 
hypertonicity and hypotonia are frequent features. Due to the 
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lack of sulfite oxidase activity, sulfite accumulates and 
sulfate production decreases. The presence of elevated levels 
of sulfite leads to the accumulation of S-sulfocysteine formed 
by a direct reaction of sulfite with cysteine [2]. The for- 
mation of protein-sulfonated compounds (RS—SO; ) in the 
albumin and fibronectin of several animal species exposed to 
sulfur dioxide or to sulfite/hydrogen sulfite has been reported 
[3]. TTR contains a single free cysteine at position 10. We 
predicted the elevation of S-sulfonated TTR ın the sera of 
sulfite oxidase-deficient patients, and demonstrated it in a 
single case of MCD by electrospray ionization mass spec- 
trometry (ESIMS) [1]. To reveal the modified structure of 
TTR, ESIMS with immunoprecipitated TTR was success- 
fully applied [4]. 

The S-sulfonated TTR signals were also clearly high in 
additional MCD samples, in contrast to most control sam- 
ples that presented low S-sulfonated TTR peaks. However, 
elevated S-sulfonated TTR was also observed in some of the 
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control samples, although those patients did not have MCD. 
Commercially obtained TTR also showed a rather high peak 
of S-sulfonated TTR ( ~ 15%). High peaks of S-sulfonated 
TTR were often detected (ca. 20%) in TTR prepared from 
rabbit sera. Our original ESIMS method with immunopre- 
cipitated TTR has been applied in several imstitutions to 
detect TTR variants in sera from patients with familial 
amyloidotic polyneuropathy [5—7]. In some of the samples, 
which were studied in this regard and were not from MCD 
patients, rather high signals corresponding to S-sulfonated 
TTR, which is 80 Da larger than free TTR, were also 
reported [6]. To distinguish MCD from these ambiguous 
cases, we here describe an improved method for sample 
preparation and calculation of results. 


2. Materials and methods 
2.1. Specimens 


Plasma or sera of 4 patients with MCD as diagnosed on the 
basis of clinical features, metabolite studies, enzyme assays 
in cultured skin fibroblasts and mutation analysis, and 57 
samples obtained from children with a variety of diagnoses, 
but neither MCD nor isolated sulfite oxidase deficiency, were 
analyzed. One case of MCD was already reported previously 
[1]. The ages of the MCD patients at the time of sampling 
were 3 days, 3 months, 2 and 3 years. The ages of the controls 
were distributed from 1 month to 13 years. 


2.2 Sample preparation 


We previously reported a convenient method for prepar- 
ing protein samples for application to soft ionization MS 
[8—10]. The test serum was mixed with antiserum against 
the target protein, and the generated immunoprecipitates 
were subsequently washed with 0.15 M sodium chloride 
and water. The mixture was applied directly to on-line high 
performance liquid chromatography (HPLCY/ESIMS. Most 
samples were successfully analyzed by this method. How- 
ever, the preparation method was not good enough to 
determine an accurate ratio for the S-sulfonated TTR and 
TTR isoforms. The remaining albumin in immunoprecipi- 
tates coeluted with S-sulfonated TTR in the HPLC system, 
and disturbed the measurement of this fraction. To wash out 
serum protein extensively, we used protein G/A agarose to 
form large immune complex particles. Protein G plus/Protein 
A Agarose (50 ul of suspension) (Oncogene Research Prod- 











Fig 1 Deconvoluted ESIMS spectra of TTR from a control infant (a), a 
patient with MCD (b), and a second infant without MCD (c), but with a 
rather high peak of S-sulfonated TTR A, free TTR, B, TTR conjugated 
with cysteine; C, TTR conjugated with cystemylglycine, D, TTR 
conjugated with glutathione; S, S-sulfonated TTR, *, modified TTR m 
which a side chain of cysteme residue 1s cleaved, and changed to glycine 
The assignment of each peak was discussed in a previous paper [10] $, the 
observed molecular mass corresponds to TTR in which cysteine 1s oxidized 


ucts, cat# IPOS, lot# D14269, Boston, MA) was washed three 
times with 0.5 ml of 0.15 M sodium chloride. Antihuman TTR 
(prealbumin) antiserum (25 ul) (SIGMA, lot# 19H4822, St. 
Louis, MO) was added to the agarose, and the mixture was 
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shaken for 30 min at room temperature. The resulting agar- 
ose~antibody complex was washed with 0.5 ml 0.15 M 
sodium chloride four times. Subsequently, a 10 ttl sample 
serum was mixed with the washed complex and shaken for 30 
min. The generated precipitates were washed with 0.5 ml of 
0.15 M sodium chloride seven times. Each washing step 
consisted of turning the tube over several times, centrifuging 
for 5 s with a centrifuge and discarding the supernatant. 
Finally, the precipitate was suspended in 20 ul of 2% acetic 
acid and the agarose was removed by filtration, using an 
ultrafree-MC centrifugal 0.45 um filter unit (Millipore, Bed- 
ford, MA). The filtration was repeated twice and the pooled 
filtrate was applied to LC/ESIMS. 


2 3. Reversed-phase HPLC and mass spectrometry 


On-line HPLC/ESIMS was used, with a PLRP-S reversed- 
phase column (1 x 50 mm, 1000 A, 8 um; Michrom Bio- 
resources, Pleasanton, CA), as reported previously [4]. An 
ESI mass spectrometer, TSQ7000 (Thermo Quest, San Jose, 
CA) was utilized [4]. The scanning range was m/z 500—2000 
in 3 s. Calibration was performed using the peptide Met— 
Arg-Phe-Ala and multiple charged ions of horse apo 
myoglobin, according to the manufacturer's instructions. 


2.4. Calculation of the TTR ion peaks on ESIMS 


The ratios of TTR isoforms' ion peak heights were 
determined on deconvoluted spectra, which were a summa- 
tion of scans covering the whole TTR elution. The ratio of 
the peak heights of S-sulfonated TTR and the sum of the 
peak heights of the TTR conjugates with cysteine, cystei- 
nylglycine and glutathione were calculated. Note the marks 
used in Fig. 1: (SV(B+C+D). 


3. Results 


Deconvoluted ESIMS spectra of TTR prepared by immu- 
noprecipitation using protein G/A agarose are shown in Fig. 
1. The spectrum. of TTR from a control infant (Fig. la) 
shows several peaks, which were similar to those previously 
reported by the original preparation method [4,10]. The 
observed mass of each peak corresponded to the theoretical 
molecular weight as assigned in the figure. The assignment 
of each peak was as reported previously [10]; the peak 80 
Da larger than unmodified TTR was assigned to S-sulfo- 
nated TTR (S). The two major peaks in the control sample 
corresponded to free TTR (A) and TTR conjugated with 
cysteine (B). Samples of most of the remaining controls 
presented with patterns simular to that in Fig. la. The 
spectrum from a patient with MCD (Fig. 1b) showed a 
prominent S-sulfonated TTR peak, while the peaks of other 
oxidized forms of TTR and free TTR were relatively low. A 
similar pattern was reported for this patient using the earlier 
pretreatment method [1]. Spectra obtained from the other 


100 





10 





0.1 





S-sulfonated / the sum of the other oxidized TTR ratios (log) 





0.01 


non MCD cases 
N= 4 n=57 


MCD cases 


Fig 2. Comparison of the ratio of peak height between patients with MCD 
and controls, calculated by the equation: (peak height of S-sulfonated TTR)/ 
(the sum of the peak heights TTR conjugated with cysteine, cystemylgly- 
cine and glutathione). Note the marks used m Fig 1 (SV(B+C+D) 


three MCD patients using the new method were nearly 
identical to that shown in Fig. 1b. 

Analysis of samples from most of the remaining controls 
showed some with patterns similar to that in Fig. la, but 
others with significantly higher signals of S-sulfonated TTR, 
as shown m Fig. lc. However, a critical difference was 
noted between the spectra obtained from these controls and 
those of patients with MCD. Controls with high signals of S- 
sulfonated TTR also showed increased signals of TTR 
conjugated with cysteine, cysteinylglycine, and (sometimes) 
glutathione, while patients with MCD showed a specific 
elevation of S-sulfonated TTR. Thus, the significance of the 
elevated S-sulfonated TTR in any one individual is more 
accurately documented by calculating the peak height ratio 
of S-sulfonated TTR to that of the other oxidized derivatives 
(Sy(B - C D). The mean and S.D. of the ratio for MCD 
cases (n=4) and controls (n—57) were 11.0 + 3.8 and 
0.14 + 0.09, respectively (see Fig. 2). 

No significant difference was found among the peak 
height ratios (S-sulfonated TTR)/(all oxidized isoforms m 
TTR) obtained from controls of different ages. 


4. Discussion 


Using an immunoprecipitation method previously 
reported by us [4], serum protein was not removed com- 
pletely because of the washing limit for small amounts of 
precipitates (often invisible). On reversed-phase HPLC, S- 
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sulfonated TTR was eluted slightly later than the other 
isoforms of TTR, and co-migrated with the remaining 
serum protein, mainly albumin. Using the immunoprecipi- 
tation method with the help of protein G/A agarose, we 
obtained clearly visible precipitates, making the washing 
steps easy to perform Sufficient washing removed the 
remaining albumin, and high-quality spectra were obtained 
for a wide range of TTR peaks on HPLC chromatography, 
which gave an accurate peak height ratio of the signal of S- 
sulfonated TTR to the sum of the signals of other TTR 
isoforms. With this improved procedure, we found a clear 
difference in the ratio (peak height of S-sulfonated TTRY 
(sum of peak heights of total oxidized TTR) between MCD 
patients and controls. 

S-sulfocysteine has been used for the diagnosis of sulfite 
oxidase deficiency. However, it is a strongly acidic and 
relatively unstable amino acid, which tends to be lost when 
urine is desalted with the H* -form of a sulfonated ion- 
exchange resin [11]. In common routine amino acid analysis 
by ion-exchange chromatography, S-sulfocysteine elutes on 
a position corresponding to a void volume of chromatog- 
raphy, and is not separated from phosphoserine. S-sulfocys- 
teine in urme can accurately be monitored by mass spectral 
analysis [2], and quantitation of this metabolite is now 
available as a service through the Duke University Mass 
Spectrometry Laboratory [12]. The assessment of peak 
height ratios proposed in this paper may represent a valuable 
additional diagnostic marker. By our experiences, TTR in 
plasma or sera can stay at ambient temperature for at least 1 
week. S-sulfonated TTR in plasma or sera may be more 
stable than S-sulfocysteine in urine. 

In some control samples, the peak height of S-sulfonated 
TTR was elevated in addition to that of other oxidized TTR 
isoforms. The mechanism of S-sulfonated TTR formation in 
control samples is unknown. We previously characterized a 
unique isoform of TTR, which was 46 Da smaller than free 
TTR [10]. The peak is marked by an asterisk in Fig. 1. To 
characterize this isoform, the component TTR-46 prepared 
by reversed phase HPLC was cleaved with trypsin. The 
peptides were analyzed by LC/ESIMS, and using recon- 
structed ion chromatograms, the ions corresponding to all 
normal expected peptides, and the ions 46 Da smaller than 
all normal peptides were plotted. A clear ion, 46 Da smaller 
than mass of normal T1+2(M+2H: 729.9), was detected, 
but an ion corresponding to normal T1 +2 was not detected. 
The collision-induced dissociation (CID) spectra of the 
abnormal ion suggested that Cys-10 1s substituted by Gly 
[10]. The amino-terminal sequence of TTR-46 was also 
studied with a protein sequencer, and the first 15 residues 
were the same as normal sequence except position 10, 
which showed Gly instead of Cys [10]. It is possible that 
S-sulfonated TTR and TTR-Gly-10 are formed by an 


unknown common pathway, although additional experi- 
ments are needed to clarify this issue. 

A European survey group has suggested that MCD 1s 
more common than generally thought, and that patients may 
well be overlooked because of a lack of awareness [13]. 
Although work with additional patient samples is needed to 
determine the general applicability of the assay described 
here, the study of TTR by ESIMS may represent a promis- 
ing method for MCD screening. It may prove to be of 
special value in the diagnosis of patients with isolated sulfite 
oxidase deficiency, because that disorder is not associated 
with disturbed purine metabolism, as in patients with MCD 
deficiency, where low uric acid values can help establish the 
diagnosis [2]. 
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Abstract 


The aim of this study was to explore the regulation of serum cholic acid (CA)/chenodeoxycholic acid (CDCA) ratio in cholestatic hamster 
induced by ligation of the common bile duct for 48 h. The serum concentration of total bile acids and CA/CDCA ratio were significantly 
elevated, and the serum proportion of unconjugated bile acids to total bile acids was reduced in the cholestatic hamster similar to that in 
patients with obstructive jaundice. The hepatic CA/CDCA ratio increased from 3.6 to 11.0 ( P « 0.05) along with a 2.9-fold elevation in CA 
concentration ( P < 0.05) while the CDCA level remained unchanged. The hepatic mRNA and protein level as well as microsomal activity of 
the cholesterol 7a-hydroxylase, 7a-hydroxy-4-cholesten-3-one 12a-hydroxylase and 58-cholestane-3a,7a,12a-triol 25-hydroxylase were 
not significantly affected in cholestatic hamsters. In contrast, the mitochondrial activity and enzyme mass of the sterol 27-hydroxylase were 
significantly reduced, while its mRNA levels remamed normal m bile duct-ligated hamster In conclusion, bile acid biosynthetic pathway via 
mitochondrial sterol 27-hydroxylase was preferentially inhibited m bile duct-ligated hamsters The suppression of CYP27AL is, at least in 
part, responsible for the relative decreased production of CDCA and increased CA/CDCA ratio in the liver, bile and serum of cholestatic 


hamsters. 
© 2002 Elsevier Science B.V. All rights reserved 
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Cholestane-3o,7o,12a-triol 25-hydroxylase (CYP3A) 





1. Introduction 


The total serum bile acid concentration increases in 
patients with various hepatobiliary diseases: e.g., acute 
and chronic hepatitis, liver cirrhosis and intra- and extra- 
hepatic cholestasis [1—3]. However, the composition of 
serum bile acids in patients with cholestasis is very different 
from that in patients with other hepatobiliary diseases. In 
cholestasis, the ratio of the serum concentration of the 
primary bile acid cholic acid (CA), to chenodeoxycholic 
acid (CDCA) increases to more than one [1—3], while the 
proportion of unconjugated bile acids is reduced [2,3]. 
However, the mechanism(s) responsible for the altered bile 
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acid biosynthesis under cholestatic conditions remains 
unknown. 

Production of CA and CDCA from cholesterol is princi- 
pally regulated by two key enzymes, namely microsomal 
cholesterol 7a-hydroxylase (CYP7A1) and mitochondrial 
sterol 27-hydroxylase (CYP27A1) [4]. CYP7AL is the first 
and rate-limiting enzyme in the classic pathway, while 
CYP27A1 is the key enzyme in the alternative pathway as 
depicted in Fig. 1. The microsomal 7a-hydroxy-4-cholesten- 
3-one 12a-hydroxylase (CYP8B1) is an additional key 
enzyme involved in bile acid biosynthesis [5]. This enzyme 
is known to catalyze 12a-hydroxylation of 7a-hydroxy-4- 
cholesten-3-one which is an intermediate m the classic path- 
way. The role of CYP8B1 in the alternative pathway has not 
been clarified, while it is believed that the alternative pathway 
is mostly involved in CDCA synthesis [6]. However, recent 
studies have suggested that 27-hydroxycholesterol could be 
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converted into CA [7,8] while 3g-hydroxy-5-cholestenoic 
acid was not [7]. Thus, CA and CDCA are synthesized by 
both pathways, and CYP8B1 appears to be the most impor- 
tant enzyme regulating the ratio of CA to CDCA under 
normal conditions [5,8]. 

In certain pathological conditions, however, CYP27A1 
can also be important in determining CA/CDCA ratio. 
Cerebrotendinous xanthomatosis (CTX) is a recessively 
inherited disorder caused by mutations in CYP27A1 gene 
located on human chromosome 2 [9—12]. In this disease, 
the pool size of CDCA is markedly reduced while that of 
CA is almost normal [13]. When CYP27A1 is defective, 
not only 27-hydroxylation of cholesterol in the alternative 
pathway but also 27-hydroxylation of 5g-cholestane- 
3a,7a-diol and 58-cholestane-3a,7a,12c-triol in the classic 
pathway is blocked [14]. Therefore, in CTX, only the 
microsomal 58-cholestane-3a,7ca,12e-triol 25-hydroxylase 
(CYP3A) pathway is intact for side chain hydroxylation, 
resulting in CA being the only bile acid synthesized [15,16] 
(Fig. 1). 

In the present study, we selected the cholestatic hamster 
with the common bile duct ligated for 48 h as model. This 
model was chosen since it has both the hepatic capacity for 
cholesterol biosynthesis [17], as well as a bile acid compo- 
sition [18] similar to that found in human. In this study, we 
compared the bile acid concentration and composition in 
serum, bile and liver tissue, as well as CYP7A1, CYP27A1, 
CYP8B1 and CYP3A protein expression and activity in bile 
duct-ligated and sham-operated hamsters. The results from 
the present study showed that m the cholestatic hamster, the 
increased serum CA/CDCA ratio was mainly due to the 
reduced hepatic CDCA production probably derived, at least 
in part, from the suppression of the mitochondrial 
CYP27A1 protein expression and activity. 


2. Materials and methods 
2.1 Chemicals 


7a-Hydroxycholesterol was obtained from Steraloids 
(Wilton, NH). 27-Hydroxycholesterol was synthesized from 
diosgenin [19] and purified by preparative thin-layer chro- 
matography (TLC). 7a-Hydroxy-4-cholesten-3-one and 
7a, 120-dihydroxy-4-cholesten-3-one were gifts from Dr. 
T. Hoshita and Dr. K. Kihira (Pharmaceutical Institute, 
Hiroshima University, Hiroshima, Japan). 58-Cholestane- 
3o,7a,12a-triol was prepared by electrolytic coupling of 
chohe acid with isovaleric acid according to Bergstrom and 
Krabisch [20]. 58-Cholestane-3a,7a,12a,25-tetrol was syn- 
thesized from CA by the method of Dayal et al. [21]. 
[25,26,26,26,27,27,27-"H;|cholesterol was obtained from 
MSD Isotopes (Montreal, Canada). [^H;]7a-hydroxycholes- 
terol and [?H5]27-hydroxycholesterol were prepared by 
previously described methods [22,23]. [2,2,4,4-?H4]CA, 
[2,2,4,4-"H4JDCA, and [2,2,4,4H4]LCA were obtained 


from MSD Isotopes, [1 1,11,12,122H4]CDCA and [11,11,12, 
122 H4]UDCA were supplied by the Research Laboratories 
of Nippon Kayaku Co. and Tokyo Tanabe Co. (Tokyo, 
Japan), respectively. Leupeptin, phenylmethylsulfonyl fluo- 
ride and soybean trypsin inhibitor were purchased from 
Sigma Chemical Co. (St. Louis, MO) The human anti- 
cholesterol 7a-hydroxylase antibody was a gift from Dr. T. 
Tanabe (National Cardiovascular Disease Center, Osaka, 
Japan). The rat anti-sterol 27-hydroxylase antibody was a 
gift from Dr. D.W. Russell, University of Texas Southwestern 
Medical Center, Dallas, TX. 


2 2. Patients 


We studied 20 human subjects. Eight had untreated 
extrahepatic obstructive jaundice and the other 12 were 
without hepatobiliary diseases. All patients provided written 
informed consent and this study was conducted according 
to the Declaration of Helsinki. Blood samples were 
obtained in the morning before breakfast after overnight 
fasting, and the plasma and/or serum was stored at — 20 °C 
until analysis. 


2 3. Animals 


Adult male Golden Syrian hamsters (100—130 g body 
weight) were purchased from Harlan Sprague Dowley, fed a 
standard rodent chow diet and maintained on a 12:12 h 
light—dark cycle. 


2.4. Surgical procedure 


After fasting for 24 h, hamsters were anesthetized with 
sodium nembutal (50 mg/kg body weight). The ligation of 
the common bile duct was performed as previously descnbed 
[24]. Briefly, the abdomen was opened with a midline 
incision, the common bile duct was dissected from the 
surrounding tissue, and three ligations with silk thread were 
performed. The bile duct was cut between the second and 
third ligation from the gallbladder. Four hundred microliters 
of antibiotic solution (300,000 U/ml) containing penicillin G 
benzathine and penicillin G procaine (Durapen Vedco, Syr- 
acuse, NY) were poured over the peritoneal cavity to avoid 
infection. The incision of the abdominal wall was closed by 
using separate sutures for the muscle layer and the skin. 
Control hamsters underwent sham operation in which the 
bile duct was not ligated. The hamsters were maintained 
under fasting conditions for 24 h after surgery. Cholestasis 
was suggested by the appearance of green urne and the 
presence of an enlarged gallbladder. After 48 h, the animals 
were sacrificed at noon and blood was collected by direct 
puncture of the heart. Livers were then immediately frozen 
and stored at — 70 °C until used. Serum and gallbladder bile 
were stored at — 20 °C until analysis. All animals received 
humane care in compliance with the George Washington 
University guidelines. 
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2.5. Bile acid analyses 


2.5.1. Serum and biliary bile acids 

Bile acid concentrations and profile m serum and 
gallbladder bile were determined by high-performance 
liquid chromatography (HPLC) combined with a 3a- 
hydroxysteroid dehydrogenase-immobilized column ac- 
cording to the method of Okuyama et al. [25]. Either 
serum or bile was diluted with 100 mM potassium phos- 
phate buffer (pH 7.2), and 58-pregnane-3a,17a,20c-tnol 
was added as an internal standard. The mixture was 
imcubated at 64 °C for 30 min. Bile acids were then 
extracted with a Bond Elut C;s cartridge (Varian, Harbor 
City, CA). After evaporation, the residue was dissolved 
in methanol, filtered through an Ultra-Free C3HV filter 
(0.45 um; Millipore, Bedford, MA), and analyzed by 
HPLC. 


2 5.2. Hepatic bile acids 

Bile acid concentrations and profile in liver tissue were 
determined by gas-chromatography mass-spectrometry 
(GC-MS) according to our previously described method 
[26]. Briefly, the liver specimen (10 mg wet weight) was 
washed carefully with saline to remove biliary bile acids. 
After addition of deuterium-labeled bile acids as internal 
standards and solubilization in 5% NaOH at 80 “C for 30 
min, bile acids were extracted by a Bond Elut Cy, cartridge 
and subjected to solvolysis and enzymatic hydrolysis The 
resulting deconjugated bile acids were converted into the 
ethyl ester dimethylethyisilyl (DMES) ether derivatives and 
quantified by high-resolution GC-MS with selected-ion 
monitoring (SIM). 


2 6. Assays for enzyme activities 


2.6.1. CYP7A1 and CYP2741 activities 

Hepatic microsomes and mitochondria were prepared by 
differential ultracentrifugation [27], and the protein deter- 
muned according to the method of Lowry et al. [28]. The 
activities of microsomal 7a-hydroxylation of cholesterol 
and mitochondrial 27-hydroxylation of cholesterol were 
measured by high-resolution GC-MS with SIM using 
PH;]7a-hydroxycholesterol and (?H;]27-hydroxycholes- 
terol as internal recovery standards [29]. 


2 6.2. CYP8BI activity 

Microsomal 12a-hydroxylase activity was assayed as 
described by Noshiro et al. [30] with minor modifications. 
Microsomes were incubated for 10 min at 37 *C with 7a- 
hydroxy-4-cholesten-3-one (6 ug dissolved in 5 ul of 
isopropanol), NADPH (1 mM), and 100 mM potassium 
phosphate buffer (pH 7.4) containing 0.1 mM EDTA in a 
total volume of 0.3 ml. The incubation was stopped by the 
addition of 5 ml of benzene. The formation of 7a,12a- 
dihydroxy-4-cholesten-3-one was quantified by HPLC 
[30]. 


2.63 CYP3A achvity 

CYP3A activity was determined by assaying CYP3A 
activity as described previously [31]. Microsomes were 
incubated for 20 min at 37 °C with 5g-cholestane- 
3o,7a,12a-tnol (25 nmol dissolved in 10 pl of acetone), 
NADPH (1.2 mM), glucose-6-phosphate (3.6 mM), 2 units 
of glucose-6-phosphate dehydrogenase, and 100 mM potas- 
sium phosphate buffer (pH 7.4) containing 0.1 mM EDTA 
in a total volume of 0.5 ml. The reaction was stopped by 
adding 2 ml of ethyl acetate. After the addition of 1 ug of 
Sg-cholestane-3o,70,120,27-tetrol as an internal recovery 
standard, tetrols were extracted twice with 2 ml of ethyl 
acetate, purified by a Bond Elut SI cartridge, derivatized to 
trimethylsilyl (TMS) ether and quantified by high-resolution 
GC-MS with SIM. 


2.7. Determination of CYP7Al and CYP27A1 protein 
expression level 


Proteins from microsomal or mitochondrial fractions 
(25—50 ug) were separated by SDS-polyacrylamide gel 
electrophoresis (PAGE) according to the procedure of 
Laemmli [32]. After electrophoresis, the protems were 
transferred onto a polyvinylidine difluoride membrane 
(Immobilon-P, Millipore). Transferred microsomal fraction 
was probed with a rabbit anti-human CYP7A1 antibody 
(1.1000) and transferred mitochondrial fraction was probed 
with a rabbit anti-rat CYP27A1 antibody (1:1500), respec- 
tively, followed by a donkey horseradish peroxidase-labeled 
anti-rabbit immunoglobulin G (1:3000) (Amersham, Arling- 
ton Heights, IL). The immunoreactive proteins were visual- 
ized by enhanced chemiluminescence using a kit from 
Amersham. After being exposed to the membrane, the 
Hyperfilm (Amersham) was analyzed by densitometric 
scanning. 


2.8. Determination of steady-state mRNA levels of CYP7A1 
and CYP27A1 

Total RNA was obtained from the stored frozen liver 
tissues by the method of Chomezynski and Sacchi [33] with 
minor modifications using RNA-Zol B reagent (Tel-Test 
Inc., TX). Complementary DNAs (cDNAs) were synthe- 
sized from total RNA with M-MLV reverse transcriptase by 
the random primer method. PCR was performed using 50 
pmol of each primer, 200 ng of cDNA template, 1.25 units 
of Taq DNA polymerase, 200 nmol/l deoxynucleoside 
triphosphate, m the reaction buffer (10) mmol/l Tris-HCl, 
pH 8.3, 50 mmol/l KCl, 1.5 mmol/l MgCh, and 001% 
gelatin) using a DNA thermal cycler (Gene-Amp PCR 
system 2400; Perkin Elmer, Norwalk, CT). PCR was sub- 
jected to the respective cycles (CYP7A1/ 30; CYP27A1, 35; 
and glyceraldehyde-3-phosphate dehydrogenase (G3PDH), 
26) at 94, 55, and 72 °C for 1 min each, respectively. PCR 
primers were designated by referring to cDNA sequences 
for rat G3PDH, human, rat and rabbit CYP7AI, and human 
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and rat CYP27A1. Primer designs were as follows: hamster 
CYP7AI1, sense 5'-CAC/TCT/CCA/TCT/TGA/GGA/CGG- 
3’, antisense 5'-GTG/GCA/AAA/TTC/CCA/AGC/CTG-3'; 
hamster CYP27A1, sense 5/-ACC/TTC/CTC/CCC/AAG/ 
TGG/AC-3’, antisense 5’-CAG/AAC/ACA/AAC/TGG/ 
GTG/TIC-3; G3PDH, sense 5'-GAA/CGG/GAA/GCT/ 
CAC/TGG/CAT/GGC-3’, antisense 5'-CAG/CAA/CAG/ 
GGT/GGT/GGA/CCT/CA-3’. Aliquots of the reaction mix- 
ture were electrophoresed on a 2% agarose gel. PCR 
products were stained by SYBR-GREEN I (Molecular 
Probe Inc., Eugene, OR) according to the manufacturer's 
instructions and semi-quantified using a multi-bioimager 
(STORM, Molecular Dynamics Inc., Sunnyvale, CA). The 
data were expressed relative to the amounts of G3PDH 
mRNA present in each specimen. 


2.9. Histological examination 


Liver specimens from both sham-operated and 2-day bile 
duct-ligated hamsters were fixed in 2% paraformaldehyde 
and mounted. Specimens were evaluated both by light and 
electron microscopy. 


2.10. Statistical analysis 


Data are reported as the mean + SD. The statistical 
significance between the results in the different groups 
was evaluated by the Student's two-tailed t-test. For all 
comparisons, significance was accepted at the level of 
P<0.05. 


3. Results 
Fig. 2 summarizes the data comparing the effects of 


cholestasis on the serum bile acid concentration and com- 
position in human vs. hamster. Serum total bile acid con- 
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Table 1 
Serum and biliary bile acid profile in sham-operated and bile duct-ligated 
hamsters 














Sham (n=5) BDL (n=5) 

Serum (%) Bile (%) Serum (%) Bile (%) 
CA 
F 33+17 0.3 +0.2 0.2 + 0.0 0.8 + 0.5 
G 16+8 3348 4041 38 +3 
T 1149 3749 452 4l t8 
CDCA 
F 17410 0.10.1 <0.1 <0.1 
G 5:5 844 4+1 843 
T 8+3 1345 9+1 8+1 
DCA 
F 9+9 <0.1 <0.1 <0.1 
G 242 342 0.1 + 0.0 2+1 
T <0.1 4+3 <0.1 2+1 
LCA 
F <0.1 0.1 + 0.0 <0.1 <0.1 
G «0.1 0.44 0.2 <0.1 «0.1 
T «0.1 0.7 + 0.5 «0.1 «0.1 
UDCA 
F «0.1 «0.1 0.9 + 0.4 0.4404 
G <0.1 <0.1 <0.1 <0.1 
T <0.1 <0.1 0.7 + 0.4 <0.1 
Total 100 100 100 100 








Serum and bile were collected from hamsters 2 days after sham operation 
(Sham) or bile duct ligation (BDL). F, Unconjugated bile acid; G, glycine- 
conjugated bile acid; T, taurine-conjugated bile acid. Data are expressed as 
mean + SD. 


centration was elevated 34-fold (P<0.01) in patients with 
obstructive jaundice while the elevation was 116-fold 
(P<0.01) in hamsters 48 h after bile duct ligation. CA/ 
CDCA ratio was increased from 0.30 to 1.54 (P<0.01) in 
patients and from 2.0 to 6.8 ( P < 0.01) in hamsters. The pool 
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Fig. 2. Effects of cholestasis on total bile acid concentration (A), ratio of cholic to chenodeoxycholic acid concentration (B) and proportion of unconjugated to 
total bile acid concentration (C) in human and hamster sera. Solid bars represent patients with extrahepatic obstructive jaundice (n = 8) or hamster 2 days after 
bile duct ligation (n5), while open bars represent control humans (n= 12) or sham-operated hamsters (n = 5). 
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Table 2 
Serum, hepatic and biliary bile acid concentrations in sham-operated and bile duct-ligated Hamsters 

Sham BDL 

Serum (n = 5) [uM] Liver (n 74) [nmol/g] Bile (n7 5) [mM] Serum (n = 5) [uM] Liver (n 7 4) [nmol/g] Bile (n 5) [mM] 
CA 24 + 1.0 231 + 236 94 + 24 386 + 12! 680 + 227! 6.3 + 1.0 
CDCA 121.0 63 + 57 29 + 12 57 x 10: 68 * 26 1.3 +0.2' 
DCA 0.4 € 0.3 56 + 50 103: 5 0.3 + 02 82 + 54 0.3 + 0.22 
LCA <0.1" 7.8 + 8.8 1.6 + 0.7 <0.1" l6+ 13 «0.01*' 
UDCA zo T 29.3:27 0.04 + 0.02 7.6 + 3.6 18+ 13 0.03 + 0.02 
Total 3.9 t 2.5 3874112 134+ 14 452 + 38! 864 + 105! 7.9 + 1.0 
CA/CDCA 20+1.9 3.6414 2.8 + 1.0 6.8 + 1.48 11.0 + 5.8 50x12 








Serum, liver and bile were collected from hamsters 2 days after sham operation (Sham) or bile duct ligation (BDL). Data are expressed as mean + SD. 


! P«0.001 vs. sham-operated hamsters. 
* P«0.05 vs. sham-operated hamsters. 
` P<0.01 vs. sham-operated hamsters. 
* Limit of detection. 


of unconjugated bile acids was reduced from 29% to 5.2% 
(P<0.01) in patients and from 59% to 1.1% (P<0.01) in 
hamsters. 

The respective serum and biliary bile acid compositions 
in bile duct-ligated and sham-operated hamsters are shown 
in Table 1. In sham-operated hamsters, the proportion of 
serum unconjugated bile acids (59%) was significantly 
greater than that in bile (0.5%). In contrast, these propor- 
tions were rather similar (1.1% vs. 1.2%) in bile duct-ligated 
hamsters. The ratios of glycine-conjugated to tavrine-con- 
jugated bile acids was not significantly different between 
bile duct-ligated and sham-operated hamsters. 

Table 2 reports the respective serum, hepatic and biliary 
bile acid concentrations, as well as the CA/CDCA ratios in 
the bile duct-ligated and sham-operated hamsters. After bile 
duct ligation, in contrast to a markedly increased serum CA 
and CDCA concentration, these bile acid concentrations 
were significantly decreased in gallbladder bile. However, 
the serum and bile CA/CDCA ratios were both sigaificantly 


Table 3 

Hepatic activities of mitochondrial CYP27A1, and microsomal CYP7AI, 
CYP8BI and CYP3A in sham-operated, bile duct-ligated and cholestyr- 
amine-treated hamsters 














Enzymes Sham (n5) BDL (n5) CHY (n4) 
pmol/min/mg protein 

Mitochondrial 
CYP27AI 1.7 + 0.3 0.8 + 0.3 * 1.7 + 0.8 

Microsomal I 
CYP7AL 16+ 1.0 14+0.6 4.7 + 2.3" 
CYPSBI 10+6 11 £3 ND 
CYP3A 38 + 16 25+ 12 ND 








Livers were obtained from hamsters 2 days after either sham operation 
(Sham), bile duct ligation (BDL) or fed a 4% cholestyramine containing 
diet for | week (CHY). Specific activities of CYP27A1, CYP7AT, CYP8BI 
and CYP3A were determined by measuring 27- and 7a-hydroxylations of 
cholesterol, 12a-hydroxylation of 7a-hydroxy-4-cholesten-3-one and 25- 
hydroxylation of 5p-cholestane-3e,7o,12o-triol, respectively Data are 
expressed as mean + SD. 
ND, noi determined. 

* P<().005 vs. sham-operated hamsters. 

! P«0.05 vs. sham-operated hamsters. 


elevated in bile duct-ligated hamsters. The highest CA/ 
CDCA ratio was observed in bile duct-ligated hamster liver 
tissue. In this model, the hepatic CA concentration was 
increased 2.9-fold ( P « 0.05) while the other bile acid levels 
were not significantly different from those in control liver. 

Table 3 shows the activity of hepatic key enzymes 
involved in bile acid biosynthesis. Microsomal CYP7A1, 
CYP8BI and CYP3A activities were similar in both bile 


CYP7A1 
S B C 


57Kd — 





72.1 


Mean* 100.0 132.5} 
+S.D 9.1 7.2 28.9 
CYP27A1 
S B C 


60Kd —* 





100.0 
+S.D 7.1 6.0 


80.2 
10.1 


Mean* 65.01 


Fig. 3. Western blot of hamster liver microsomal CYP7A1 and mito- 
chondrial CYP27A1. S, sham-operated (n = 4); B, bile duct-ligated (n = 4): 
C, cholestyramine-treated (n 74). *, Percentage of sham operation. 
jP «0.001, compared to bile duct ligation, £P «0.05, compared to sham 
operation. 
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duct-ligated and sham-operated hamsters. In contrast, the 
mitochondrial activity of CYP27A1 was decreased by 53% 
(P< 0.005) in the bile duct-ligated hamsters. In the present 
study, we also used hamsters fed a diet containing 4% 
cholestyramine known to activate hamster microsomal 
CYP7A1 [34,35] as control (Table 3). The protein expres- 
sion levels of CYP7A1 and CYP27A1 were determined by 
Western blotting method using specific antibodies against 
the human CYP7A1 and rat CYP27A1. As shown in Fig. 3 


CYP7A1 





Mean* 100.0 98.0 328.61 
+S.D 6.2 8.4 25.1 


CYP27A1 





100.0 101.0 189.2T 
+S.D 3.6 11.2 28.1 





S B C 


Fig. 4. Relative amount of steady-state mRNA for CYP7A 1, CYP27A1 and 
G3PDH in the livers cf sham-operated, bile duct-ligated and cholestyr- 
amine-treated hamsters Š. sham-operated (1 =4): B, bile duct-ligated 
(n= 4), C, cholestyram:ne-treated (7 =4). *, Ratio of mRNA expression 
level between respective enzymes and G3 PDH, percentage of sham 
operation. +P < 0.001, compared to sham operation. 


CYP7AI protein expression level did not change signifi- 
cantly while that of CYP27A1 was significantly decreased 
in the bile duct-ligated hamsters. This is in agreement with 
the above reported results on these enzymes’ specific 
activities. We also determined the steady-state mRNA 
expression levels for CYP7A1 and CYP27Al by semi- 
quantitative RT-PCR (Fig. 4). However, bile duct ligation 
for 2 days did not change the mRNA expression levels of 
either of these two enzymes. 

Histological examination suggested dilatation of the 
hepatic ducts as well as increased biliary ductule prolifer- 
ation in the bile duct-ligated hamster liver. This was 
accompanied by infiltration of neutrophils and mononuclear 
cells. However, neither hepatic necrosis nor periportal or 
portal fibrosis was found. The electron microscopic findings 
of liver sections 48 h after bile duct ligation were charac- 
terized by swollen hepatocytes and a marked decreased or 
complete disappearance of glycogen rosettes. The endoplas- 
mic reticulum was dilated while the mitochondria showed 
no significant pathological change in either form or number. 
With respect to the canal of Hering, the epithelium showed 
irregular nuclei in shape and size. 


4, Discussion 


Our cholestatic hamster model showed a significantly 
increased serum CA/CDCA ratio and a markedly decreased 
ratio of unconjugated to total bile acids, which are character- 
istic features of patients with cholestatic liver diseases. 
These results are different from those reported in the bile 
duct-ligated rats. In the cholestatic rat model, the synthesis 
of CA is either not changed [36] or decreased 7), wheres 
the @-muricholic acid production is markedly e ee 
[36,38,39], and the CA/p-muricholic acid ratio reduced 
[36,39]. Since p-muricholic acid is formed from CDCA 
[39]. CA/p-muricholic acid ratio in the rat relates to the CA/ 
CDCA ratio in human and hamster. The effect of bile duct 
ligation on the total bile acid synthesis appears to be 
different between rats and hamsters. In bile duct-ligated 
rats, CYP7A] activity was significantly up-regulated 
[37.40,41]. whereas CYP7AI activity was not changed in 
our hamster model. Similar results were also reported in 
rhesus monkeys [42] and humans [43] where total bile acid 
synthesis was suppressed during biliary obstruction. Thus, 
there are considerable species-specific differences in bile 
acid metabolism, and the hamster may be a better model 
than the rat for studying bile acid metabolism relevant to 
patients with obstructive jaundice. 

Abnormal flow from hepatocyte canaliculi to sinusoids is 
one of the important reasons for the increased level of serum 
total bile acids. Actually, in bile duct-ligated hamsters, the 
serum bile acid composition, including CA/CDCA ratio and 
glycine- and taurine-conjugation pattern, were very similar 
to that found in bile (Table 1). However, the elevated serum 
CA/CDCA ratio in bile duct-ligated hamsters cannot be 
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solely explained by this abnormal back flow from bile or 
hepatocytes to serum. The reason is that not only in serum 
but also in the liver and bile, the CA/CDCA ratio was 
significantly increased in the bile duct-ligated hamsters. 
Therefore, altered bile acid synthesis in the cholestatic liver, 
ie. enhanced CA synthesis and/or decreased CDCA pro- 
duction is strongly suggested. 

When we measured the activity and protein expression 
level of CYP7A1 and CYP27A1, two key enzymes in the 
classic and alternative bile acid biosynthetic pathways, 
respectively, CYP7A1 was not affected but CYP27A1 was 
significantly down-regulated following bile duct ligation. 
These results lend support to our hypothesis that in contrast 
to the bile duct-ligated rats, the total bile acid synthesis was 
not increased in the bile duct-ligated hamsters. A recent 
report by Pandak et al. [8] demonstrated that CYP8B1 was 
capable of 12a-hydroxylating bile acid intermediates from 
both the classic and alternative pathways. In addition, these 
authors described CYP8B1 to be the sole regulator of the 
CA/CDCA ratio. However, as seen in CTX patients, 
CYP27A1 is also an important enzyme in determining CA/ 
CDCA ratio under pathological conditions. In fact, decreased 
CYP27A1 activity without change of CYP8B1 activity was 
observed in bile duct-ligated hamsters and was associated 
with an increased CA/CDCA ratio. Recent reports show that 
induction of CYP3A family of genes is one of the important 
mechanisms for detoxification of hydrophobic bile acids in 
cholestasis [44,45]. The retained activity of CYP3A that is 
also a key enzyme in the alternative side chain cleavage 
pathway in CA biosynthesis [46] may explain why the 
production of CA was not reduced as much as that of CDCA 
in the bile duct-ligated hamster model. 

An interesting observation concerns the regulation of 
CYP7A1 in cholestasis. In spite of a significantly increased 
hepatic total bile acid concentration, CYP7Al1 was not 
down-regulated in the cholestatic liver. CDCA is a physio- 
logical ligand for the farnesoid X receptor (FXR), an orphan 
nuclear receptor [47—49]. The binding of CDCA to the 
receptor leads to the repression of CYP7A1 gene tran- 
scription. Our results showed that the hepatic CA concen- 
tration was increased while that of CDCA remained 
unchanged in the bile duct-ligated hamster, which is similar 
to what is observed in the liver of patients with jaundice of 
short duration [50]. This may be one of the reasons for the 
lack of suppression of CYP7ALI activity and expression in 
bile duct-ligated hamster, although another orphan nuclear 
receptor, LXRa [51] may also play an important role in the 
regulation of CYP7A1 in cholestasis. 

In contrast to microsomal CYP7AI, CYP8B1 and 
CYP3A enzymes, mitochondrial CYP27A1 activity and 
protein level were significantly reduced in the liver of 
cholestatic hamsters. Although the regulation of CYP27A1 
has not yet been clarified, Segev et al. [52] recently reported 
that the human CYP27A/ gene had a TATA-less promoter 
and its transcription was initiated at a cluster of sites. 
Dexamethasone up-regulates and cyclosporin A down-reg- 


ulates CYP27A1 at the transcriptional level, while CA 
inhibits CYP27A1 post-transcriptionally by affecting the 
stability of its mRNA [52]. It is important to know that 
there may be species-specific differences in the control of 
CYP27A1 gene expression because in rat hepatocytes CA 
repressed the transcription of CYP27A1 gene [53]. 

There are at least two hypotheses to explain the mech- 
anism(s) of decreased CYP27A] activity in bile duct-ligated 
hamster. First, as shown in human [52] and rat [53], 
CYP27A1 might be inhibited by an increased hepatic CA 
concentration in cholestasis. Hamster hepatic CYP27AI 
showed both reduced specific activity and protein expres- 
sion level without decreased steady-state mRNA level, 
suggesting CYP27A1 to be post-transcriptionally down- 
regulated. In the rat extrahepatic cholestatic model, the 
activity, protein and mRNA levels of the sodium-dependent 
taurocholate cotransporting polypeptide (ntcp) were mark- 
edly reduced [54]. In contrast, 66-hydroxylations of CDCA 
and LCA were significantly up-regulated and these hydro- 
phobic bile acids were metabolized to less cytotoxic B- 
muricholic acid [37,40]. Thus, in the rat model, a signal 
seems to be generated under cholestatic conditions to 


` regulate bile acid uptake and synthesis, and to diminish 


the accumulation of potentially hepatotoxic bile acids in 
rats. Humans and hamsters do not synthesize B-muricholic 
acid, but rather reduce the formation of CDCA by down- 
regulating CYP27A1 as a protective mechanism, which 
parallels the formation of B-muricholic acid in the rat. 

Second, hydrophobic bile acids including CDCA are 
known to cause cellular ATP depletion due to impairment 
of mitochondrial function in rat hepatocytes [55]. Although 
the hepatic concentration of bile ácids other than CA were 
not elevated in the cholestatic hamster model, that of CDCA 
has been suggested to be transiently increased in the earlier 
period after bile duct ligation. CDCA has also been shown 
by us [24,56], as well as by others [57] to activate various 
signal transduction pathways. It is therefore a possibility 
that this bile acid can be responsible for the decreased 
CYP27A1 protein expression and/or activity through its 
regulation of signaling mechanisms. The role for a regu- 
latory mechanism is supported by the fact that while the 
glycogen rosettes were markedly decreased, there was no 
significant pathological change in either mitochondrial 
shape or number in the cholestatic hamster liver. 

In summary, the hamster hepatic mitochondrial 
CYP27A1 was post-transcriptionally down-regulated while 
the microsomal CYP7A1 and CYP8B1 were not affected by 
bile duct ligation. This could explain, at least in part, the 
increased serum CA/CDCA ratio and the decreased CDCA 
production observed in cholestatic hamsters. 
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Abstract 


Balkan endemic nephropathy (BEN), a disease characterized by progressive renal fibrosis in human patients, has been associated with 
exposure to ochratoxin A (OTA). This mycotoxin is a frequent contaminant of human and animal food products, and is toxic to all animal 
species tested. OTA predominantly affects the kidney and is known to accumulate in the proximal tubule (PT). The induction of oxidative 
stress is implicated in the toxicity of this mycotoxin. 

In the present study, primary rat PT cells and LLC-PK, cells, which express characteristics of the PT, were used to investigate the OTA- 
mediated oxidative stress response. OTA exposure of these cells resulted in a concentration-dependent elevation of reactive oxygen species 
(ROS) levels, depletion of cellular glutathione (GSH) levels and an increase in the formation of 8-oxoguanine. 

The OTA-induced ROS response was significantly reduced following treatment with a-tocopherol (TOCO). However, this chain-braking 
anti-oxidant did not reduce the cytotoxicity of OTA and was unable to prevent the depletion of total GSH levels in OTA-exposed cells. In 
contrast, pre-incubation of the cell with N-acetyl-L-cysteine (NAC) completely prevented the OTA-induced increase in ROS levels as well as 
the formation of 8-oxoguanine and completely protected against the cytotoxicity of OTA. In addition, NAC treatment also limited the GSH 
depletion in OTA-exposed PT- and LLC-PK, cells. 

From these data, we conclude that oxidative stress contributes to the tubular toxicity of OTA. Subsequently, cellular GSH levels play a 


pivotal role in limiting the short-term toxicity of this mycotoxin in renal tubular cells. 


© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Ochratoxin A (OTA) is produced by Aspergillus and 
Penicillium strains, and is a frequent contaminant of feed 
and foodstuffs. Epidemiological studies associate OTA with 
Balkan endemic nephropathy (BEN), a progressive renal 
fibrosis, and tumors of the urinary tract. However, the 
etiology of the cisease still remains unclear [1—3]. In 
animals, OTA was shown to induce a tubulo-interstitial 
nephropathy similar to BEN [4—6] as well as renal adenoma 
and carcinoma [7]. Other toxic effects associated with OTA 
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include immunosuppression, hepatotoxicity and teratogenic- 
ity (for a review, see Refs. [8—12]). 

OTA is known to affect multiple sites of the nephron: 
acute exposure mainly affects the postproximal parts, while 
chronic exposure leads predominantly to damage of the 
proximal tubule (PT) [13]. The exact mechanism of OTA 
toxicity has not been elucidated as of yet. OTA contains a 
chlorinated dihydroisocoumarin moiety linked to L-phenyl- 
alanine. The observed inhibition of protem synthesis by 
OTA [14] results from competition with phenylalanine 
during the aminoacetylation reaction of phenylalanine— 
tRNA [12]. The inhibition of protein synthesis is thought 
to underlie most toxic effects of OTA, but protein inhibition 
alone cannot explain the diverse but apparent site-specific 
toxic effects. Several studies propose the involvement of 
oxidative stress to the toxicity of OTA [5.1517]. Initially, 
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Rahimtula et al. [17] have shown that OTA induces lipid 
peroxidation (LPO) in subcellular fractions. Further evi- 
dence showing that OTA is a potent pro-oxidant was 
provided by Belmadani et al. [15] who reported that OTA 
induced LPO in primary cultures of brain cells. In addition, 
the formation of reactive oxygen species (ROS) was sig- 
nificantly increased after exposure of foetal rat telencepha- 
lon cells to high OTA concentrations [18]. The kidney is a 
prominent site for intense oxidative processes in the body 
and ROS play an important role in the pathogenesis of a 
variety of renal diseases [19]. Thus, we investigated the 
relation between the OTA-induced oxidative response and 
toxicity in its main target cells, renal PT cells, using 
primary rat proximal tubular cells (PT cells) and continuous 
proximal tubular cells (LLC-PK,). Primary cells resemble 
the in vivo PT cell closely by expressing PT-specific 
functions including phase I and II biotransformation and 
organic anion and cation transport [20]. LLC-PK, cells are 
widely used as in vitro model of cultured tubular epithelial 
cells, as they have retained several characteristics of the PT 
cell [21]. In contrast to the primary cells, the LLC-PK, 
cells have lost some differentiated functions, including 
organic anion transport [22]. The OTA-induced stress 
response was monitored at several levels in these cells, as 
ROS can attack almost any cellular structure or molecule, 
including membrane lipids, proteins and DNA [23.24]. The 
effects of exposure of the cells to OTA on ROS production 
and cell viability were assessed with respect to concen- 
tration- and time-dependency. Furthermore, the effects of 
the mycotoxin on cellular glutathione (GSH) levels and the 
formation of 8-oxoguanine were investigated. The estab- 
lished anti-oxidants a-tocopherol (TOCO) and N-acetyl-L- 
cysteine (NAC) were used to determine the contribution of 
oxidative stress to DNA damage and cytotoxicity induced 
by OTA. 


2. Materials and methods 
2.1. Materials 


Dimethylthiazol diphenyl tetrazolium bromide (MTT), 
NAC, OTA and TOCO were obtained from Sigma (St. 
Louis, MO, USA). 2',7-Dichlorodihydrofluorescein diac- 
etate (H;DCF-DA) was obtained from Molecular Probes 
(Leiden, The Netherlands). DMEM/F12 and medium 199 
culture media and supplement G (insulin 10 mg/l, transferrin 
5.5 mg/l, sodium-selenite 6.7 ug/l) were obtained from Life 
Technologies (Breda, The Netherlands). All other chemicals 
were of analytical grade and purchased from Sigma (St. 
Louis, MO, USA). OTA, TOCO and H,DCF-DA were 
dissolved in DMSO and diluted in culture medium to the 
concentrations described in the text. NAC was diluted in 
ethanol/H,O (1:1; v/v). Solvent concentrations were 0.1% 
(v/v) unless specified otherwise. OTA dilutions were pre- 
pared in serum-free medium. 


2.2. Cell culture 


2.2.1. Isolation of rat PT cells 

Rat PT cells were isolated as described previously [20]. 
Cell yield was 30—50 x 10° cells/rat and cell viability was 
routinely higher than 70% as judged by trypan blue exclu- 
sion. Cells were seeded on collagen (rat tail type IV) pre- 
coated 60 mm culture dishes (1 x 10° cells/dish) in culture 
medium containing serum (10% FCS) for 24 h. After 24 h, 
non-attached cells were removed, pelleted and re-plated (in 
the same culture dishes) in fresh serum-free culture medium 
to increase attachment efficiency. Medium was then 
changed every 3 days with serum-free DMEM/F12 supple- 
mented with 10 mg/l insulin, 5.5 mg/l transferrin, 6.7 ug/ml 
sodium selenite (supplement G; | x concentrated), 10 U/ml 
penicillin and 10 ug/ml streptomycin. OTA, H»DCF-DA 
and TOCO were dissolved in DMSO; NAC was dissolved 
in H,O/ethanol (1:1, v/v). The stock solutions were further 
diluted in culture medium, so that solvent concentrations 
never exceeded 0.196 (v/v). 


2.2.2. LLC-PK, cells 

LLC-PK, cells, obtained from ATCC (number CL-101) 
were routinely seeded at 4 x 10? cells/75 cm? flask and were 
subcultured every 6—7 days. Two days before experiments, 
cells were plated at a density of 2.7 x 101 cells/cm? culture 
area in medium 199 supplemented with 5% FCS, 2 mM u- 
glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin. 
Cells were maintained in a 5% CO, humidified atmosphere 
at 37 °C. 


2.3. Determination of ROS production 


Cells were seeded in 96-well culture plates at 1 x 10° cells/ 
well and allowed to grow for 48 h. In the dose-response 
experiments, cells were then incubated for 2 h at 37 °C cells 
in serum-free medium containing 20 uM H3DCF-DA. After 
aspiration of H;DCF-DA, the cells were rinsed once and were 
subsequently exposed to increasing concentrations of OTA 
(0-200 uM) in serum- and phenol red-free medium. ROS 
production was measured after 24 h incubation on a Cytofluor 
2300 (Fluorescence Measurement System, Millipore, Bed- 
ford, MA, USA) with an excitation wavelength of 485 nm 
and an emission wavelength of 538 nm. In the experiments 
with the anti-oxidants, cells were incubated 48 h after plating 
with increasing concentrations of TOCO (0—12.5 uM) or 
NAC (0—4 mM). Following the 24-h pre-incubation period, 
the cells were treated with H:DCF-DA as described above. 
After removal of H;DCF-DA, cells were exposed to a fixed 
OTA concentration (100 uM) in the presence of increasing 
concentrations of TOCO or NAC. The ROS levels were 
determined 24 h later as described above. The incubation 
volumes were 50 ul/well unless specified otherwise. Relative 
ROS production was expressed as the ratio of fluorescence of 
the treated samples over the response in the appropriate 
controls [(fluorescencejeatment/fluorescence.gntro1) 100%]. 
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2.4. Determination of cell viability 


Cell viability was assessed by measuring the reduction of 
MTT to formazan by the mitochondrial enzyme succinate 
dehydrogenase [25]. Cells were seeded on 96-well plates at 
1 x 10* cells/well. In the dose-response experiments, cells 
were exposed to increasing concentrations of OTA (0—200 
uM) for 4 and 24 h. Then 0.6 mg/ml MTT solution (final 
concentration in medium; 3 mg/ml stock dissolved in PBS) 
was added to the wells. Plates were then incubated for 2 h at 
37 °C in a humidified atmosphere. The reaction was 
terminated by discarding the incubation solutions followed 
by dissolving the formazan product in 50 pl acidic isopro- 
panol (containing 0.1 M HCl). Absorbance at 595 nm was 
determined on a Biorad 3550 microplate reader (Biorad, 
Veenendaal, The Netherlands). 

In the experiments with the anti-oxidants, cells were 
incubated 48 h after plating with increasing concentrations 
of TOCO (0—12.5 uM) or NAC (0—4 mM). Following the 
24-h pre-incubation period, cells were exposed to a fixed 
OTA concentration (100 4M) in the presence of increasing 
concentrations of TOCO or NAC. Cell viability was deter- 
mined 24 h later as described above. The incubation 
volumes were 50 ul/well unless specified otherwise. 

Cell viability was expressed as the relative formazan 
formation in treated samples as compared to that in solvent- 
treated controls [(Aso5 treated cells/4so5 of appropriate 
control)100%, after correction for background absorbance]. 
ICsq values, defined as the concentrations inducing 50% 
loss of cell viability, were estimated from the figures. ICso 
values (24 h OTA incubation) were calculated after fitting 
the cell viability data with Slide Write plus software, 
version 4.0 (BIS Netherlands, Ridderkerk, The Nether- 
lands). 


2.5. Determination of cellular GSH levels 


Total cellular GSH (reduced GSH, GSSG and GSSR) 
measurements were based on the method described by 
Griffith [26]. Cells were seeded at 5 x 10* cells/well in 
24-well plates (for rat PT cells, the plates were coated with 
collagen type I as previously described [20]). The (pre-) 
incubation volumes were 500 pl. Cells were either pre- 
incubated for 24 h with solvent (0.1% DMSO or ethanol), 5 
uM TOCO, 2 mM NAC (PT cells) or 4 mM NAC (LLC- 
PK). Initially, for measurements of solvent controls, cells 
were treated with either 0.1% (v/v) DMSO (vehicle for 
TOCO) or 0.1% (v/v) ethanol/ddH,O [1:1] (vehicle for 
NAC) and results interpreted independently. However, rep- 
licate measurements (two groups of triplicate measure- 
ments) showed that these solvent control groups did not 
differ significantly and are thus presented as one group 
(solvent in Table 1). Following the pre-incubation period, 
cells were exposed to OTA (0, 6.25 or 100 uM). After 24 h, 
the incubation medium was aspirated and cells were har- 
vested in 100 pl cold harvest buffer [Triton X-100 0.05% 


Table 1 
The effect of anti-oxidant treatment on GSH levels (nmol/mg protein) in rat 
PT- and LLC-PK, cells exposed to OTA for 4 and 24 h 














OTA Anti- PT cells LLC-PK, 
oxidant 4) OTA 24h OTA 4hOTA 24hOTA 
OTA 0 uM 
Solvent? 32413 15-04 229133 158421 
TOCO 410.7 20-09 26.6424 2384217 
NAC  282t44* 21.1420* 268425 165423 
OTA 6.25 pM 
Solvent? 3.7412 20423 204t40 122468 
TOCO 49+14 19413 23.5437 903.8 


NAC  382r45*^ 15.543.9** 31.1440" 24.1 + 6.5 


OTA 100 uM 
Solvent? 5.215 ND 182-20  34rt23* 
TOCO 52+12 ND 216+17 5941.2" 
NAC  304t41* 38t09*5 2844255 &34+88* 








Cells were pre-incubated for 24 h with 5 uM TOCO, 2 mM NAC (PT cells) 
or 4 mM (LLC-PK;) NAC. Following pre-incubation with the anti-oxidant, 
OTA was added and GSH levels were determined 4 and 24 h later. The data 
represent means + S.D. from triplicate measurements from at least two 
independent experiments. Symbols indicate significant difference 
(P«0.05). ND: below limit of detection («30 pmol/mg protein). 

* Solvent-treated cells refer to cells treated with 0.1% (v/v) DMSO 
(vehicle for TOCO) or 0.196 (v/v) ethanol/ddH,0 [1:1] (vehicle for NAC). 

* Significantly different from GSH levels in non-exposed (0 uM OTA) 
solvent-treated cells. 

* Significantly different GSH levels in solvent-treated cells exposed to 
6.25 nM OTA. 

$ Significantly different GSH levels in solvent-treated cells exposed to 
100 uM OTA. 


(w/v), EDTA 0.05 mM in PBS]. The amount of protein was 
determined in 10 ul of this suspension, while 10 pl sulfo- 
salicylic acid 25% (w/v) was added to the remaining 90 pl 
sample. After centrifugation of the samples (12,000 x g, 5 
min 4 °C), 20 ul triethanolamine (T-1377, Sigma) was 
added. GSH levels were determined in a mixture contain- 
ing 5.3 mM NADPH and 0.6 mM 5-5’ dithio-bis (2-nitro- 
benzoic acid) [DTNB]. After incubation for 5 min at 
30 °C, 25 pl sample or GSH standard (0, 0.5, 1.0, 2.0 
and 3.0 mg/ml) was added. The reaction was initiated with 
glutathione reductase (0.5 U/sample) and the increase in 
absorption at 412 nm and 30 °C was determined. Specific 
activity was calculated by comparison to a standard curve. 
Activity was expressed as nanomoles per milligram total 
cellular protein. 


2.6. Detection of OTA-induced oxidative DNA damage 


LLC-PK, cells were seeded at 5 x 10* cells/chamber on 
LabTek 8-chamber slides (Nalgene, cat. no. 177445, Life 
Technologies, Breda, The Netherlands) 2 days before the 
start of thé experiment. As reference, cells were exposed to 
methylene blue (2 mM; MB) for 1 h followed by 30 min 
exposure to ambient light, a treatment known to generate 
primarily 8-oxoguanine adducts [27]. For experiments 
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involving OTA, LLC-PK, cells were either pre-incubated 
with solvent (0.1% EtOH) or with 4 mM NAC for 24 h. 
Cells were then exposed to 15 uM OTA for 4 and 24 h. The 
cells were fixed using cold 4% paraformaldehyde for 30 
min. The Biotrin OxyDNA assay (Biotrin, cat. no. BIO81- 
DNA, Dublin, Ireland) was used to detect the formation of 
8-oxyguanine adducts. The Biotrin OxyDNA assay was 
performed according to the manufacturers’ instructions. 
Micrographs were taken immediately following the experi- 
ments using a fluorescence microscope (Olympus BX60, 
Hamburg, Germany; with a U-MNB fluorescence filter 
wheel, excitation wavelength between 470 and 490 nm, 
emission wavelength 520 and 550 nm, magnification x 20). 


2.7. Protein determination 


Total cellular protem was determined according to the 
method described by Lowry et al. [28]. 
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2.8. Statistical analysis 


Significance of differences between different data groups 
was first determined using a one-way ANOVA analysis 
within a study and then by t-test pairwise comparison 
(Bonferroni) of the groups of data using SYSTAT 8.0. 
Differences were considered significant if P< 0.05. 


3. Results 
3.1. OTA-induced production of ROS 


Fig. 1 shows that OTA concentration-dependently 
induced the formation of ROS in both cell types. ROS 
levels of primary rat PT cells were already significantly 
elevated above the levels in solvent-treated (DMSO) con- 
trols after 4 h of incubation with 12.5 uM OTA (Fig. 1A). 
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Fig. 1. OTA-induced ROS formation (A and B) and loss of cell viability (C and D) in primary PT cells and LLC-PK,. Primary PT (A and C) and LLC-PK cells 
(B and D) were exposed to increasing concentrations of OTA and the ROS production (A and B) or cell viability (C and D) after 4 h (- -v- -) and 24 h (—9—) 
of incubation with OTA was measured as described in the Materials and Methods section. The effect of serum (10% FCS) (—D—) on cell viability after 
exposure of LLC-PK, cells for 24 h to increasing concentrations of OTA was also determined (D). The data are expressed as relative response as compared to 
DMSO-treated controls (10096) and represent means + S.D. from quadruplicate measurements from at least two independent experiments. The results of 


statistical analysis are delineated in the text. 
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After 24 h, the ROS production was significantly elevated 
by OTA concentrations as low as 3.1 uM. In contrast, a 
significant increase of ROS levels was observed following 
exposure of continuous LLC-PK, cells to a minimal effec- 
tive concentration of 25 uM. OTA after 4 h and 12.5 uM 
OTA after 24 h, respectively (Fig. 1B). These data indicate 
that this mycotoxin induces a ROS response in a concen- 
tration- and time-dependent manner. The time-dependent 
increase in ROS levels was more pronounced in LLC-PK, 
cells as compared to the primary PT cells. In LLC-PK, cells, 
the formation of ROS induced by OTA concentrations >50 
uM after 24 h incubation was significantly increased as 
compared to the ROS response evoked by equimolar con- 
centrations OTA after 4 h. In contrast, the ROS response to 
OTA in rat PT cells after 24 h exposure did not differ 
statistically from that after 4 h. 


3.2. Cytotoxicity of OTA 


The cell viability of primary rat PT cells incubated for 
4 h with increasing concentrations of OTA in serum-free 
medium decreased slightly, but this decrease was not 
significant. However, 24 h OTA exposure in serum-free 
medium clearly decreased cell viability in a concentration- 
dependent manner (Fig. 1C). Loss of cell viability was 
also time-dependent as viability after 24 h exposure to 
` OTA was significantly lower in PT cells than after 4 h 
incubation for OTA concentrations of 12.5 uM and 
higher. 

This concentration- and time-dependent loss of cell 
viability following OTA exposure was also observed in 
LLC-PK, cells. Interestingly, OTA-induced ROS produc- 
tion clearly preceded the loss of cell viability in LLC-PK, 
cells as cell viability was unaffected after 4 h incubation 
with OTA, while a distinct ROS response was observed at 
OTA concentrations exceeding 50 uM (Fig. 1D). In 
contrast, cell viability was even slightly increased after 
4 h exposure to high OTA concentrations (100 and 200 
uM) in serum-free medium (P<0.05 as compared to 
vehicle-treated cells). However, exposure to increasing 
concentrations of OTA for 24 h in serum-free medium 
resulted in a loss of cell viability in LLC-PK, cells (Fig. 
1D). Loss of cell viability after 24 h was significantly 
different from that after 4 h OTA incubation at 12.5 uM 
and higher. However, the presence of serum in the incuba- 
tion medium attenuated the cytotoxicity of OTA (data not 
shown). 

In serum-free medium, the calculated ICso values follow- 
ing 24 h exposure to OTA were approximately 83 and 25 
uM for PT cells and LLC-PK, cells, respectively, whereas in 
the presence of 10% serum, the ICs) was approximately 50 
uM. A concentration close to the ICs values for both cell 
types (100 uM for rat PT cells; 25 uM for LLC-PK,) were 
chosen for successive experiments investigating the mech- 
anism of OTA-mediated toxicity. The subsequent experi- 
ments were performed in serum-free medium. 


3.3. Influence of anti-oxidants on the OTA-induced ROS 
response 


Cells were pre-incubated for 24 h with the selected anti- 
oxidative agent and subsequently challenged with OTA still 
in the presence of the anti-oxidant. Treatment of rat PT cells 
with several concentrations (1.56—12.5 uM) of TOCO 
significantly decreased the OTA-induced ROS response 
(Fig. 2A; hatched bars). Treatment with 6.25 and 12.5 uM 
TOCO completely prevented the OTA-induced ROS 
response. Similarly the ROS production in rat PT cells 
treated with 1, 2 and 4 mM NAC following exposure to 
OTA was not statistically different from the basal ROS 
levels in solvent-treated control cells (Fig. 2B; hatched 
bars). 

In LLC-PK, cells treated with increasing concentrations 
(1.56—12.5 uM) TOCO and exposed to OTA, the forma- 
tion of ROS was not different from that in solvent-treated 
cells, but was significantly in comparison with the 
response in cells exposed to OTA alone (Fig. 2C; hatched 
bars). Treatment of LLC-PK, cells with 0.5-4 mM NAC 
significantly decreased the OTA-mediated elevation of 
ROS levels at all NAC concentrations tested, in a dose- 
dependent manner. Treatment with 4 mM NAC appeared 
to completely prevent loss of cell viability in cells exposed 
to 25 uM OTA. 


3.4. Influence of anti-oxidants on the OTA-induced loss of 
cell viability 


In addition to monitoring the effects of anti-oxidants on 
the OTA-induced ROS response, the effects of TOCO and 
NAC on the cell viability were determined. As depicted in 
Fig. 2A (black bars), the treatment of the cells with TOCO 
up to 12.5 uM could not prevent the OTA-induced loss of 
cell viability in rat PT cells. In contrast, NAC treatment 
showed a clear dose-dependent protective effect in rat PT 
cells and at the tested concentrations between 0.5 and 4 mM 
NAC (Fig. 2B; black bars). 

Similarly as observed in PT cells, TOCO up to 12.5 uM 
was unable to protect LLC-PK, cells against the cytotoxicity 
of OTA (Fig. 2C; black bars). In contrast, NAC treatment 
provided a dose-dependent protection of LLC-PK; cells 
against the cytotoxicity of OTA (Fig. 2D; black bars). In 
fact, the viability of the cells treated with 4 mM NAC 
followed by exposure to OTA was not statistically different 
from that of solvent-treated controls. 


3.5. The role of GSH 


Incubation with NAC strongly elevated GSH levels in 
control PT cells, while TOCO incubation did not affect basal 
GSH levels (Table 1). Exposure for 4 h to OTA did not 
statistically affect GSH levels. The GSH levels of NAC- 
treated PT cells were significantly higher after exposure to 
6.25 and 100 uM OTA as compared to solvent- and TOCO- 
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Fig. 2. The effect of TOCO and NAC on OTA-induced ROS response and loss of cell viability in renal tubular cells. Primary PT cells and LLC-PK, cells were 
pre-incubated for 24 h with indicated concentration of TOCO (A and C) or NAC (B and D). Following pre-incubation, OTA was added and the production of 
ROS (hatched bars) or the cell viability (MTT assay; black bars) was measured 24 h later. Cells were exposed to 100 uM OTA for ROS determinations (A - D). 
For determination of the effect on cell viability (MTT assay), PT cells were exposed to 100 uM OTA (A and B), while LLC-PK, cells were incubated with 25 
uM OTA for 24 h (C and D). The OTA concentrations were chosen on the basis of the IC so Values in the respective cell types. The data represent the relative 
response in treated cells as compared to the response in solvent-treated cells (10095). The results of the MTT assay are expressed as protection against the OTA- 
induced loss of viability; therefore, the viability of the cells exposed to OTA alone (0 uM TOCO or NAC) was set at 0% (indicated in the figure as "a"). The 
data represent means + S.D. of quadruplicate measurements from at least two independent experiments. * Significantly different from response in solvent- 
treated cells ( P < 0.05). # Significantly different from the response in OTA-alone treated cells ( P < 0.05), 
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from the tubular cell. Our results, therefore, point toward a 
central role for GSH in the protection agamst OTA-induced 
cellular toxicity. 

We are the first to show that OTA induces the formation 
of 8-oxoguanine in vitro, providing unequivocal evidence of 
oxidative DNA damage. Oxidative base modifications may 
result in mutations, whereas oxidation of deoxyribose moi- 
eties may induce base release or DNA strand breaks (Ref. 
[24] and references therein). Singlet oxygen selectively 
reacts with guanine and predominantly forms 8-oxoguanine, 
which is also one of the products formed after attack of 
DNA by the hydroxyl radical [24,27]. 

In contrast, Gautier et al. [39] found no evidence for 8- 
oxoguanine formation 1n rats treated with OTA (up to 2 mg/ 
kg body wt). The latter authors ascribe the discrepancy 
between the generation of ROS in vitro and in vivo and the 
resultant oxidative damage to the protective activity of GSH 
and TOCO. Furthermore, those authors suggest that the 
maximal plasma concentrations (15 uM) were below the 
minimal OTA concentration (30 uM) required to induce 
LPO in vitro and were consequently too low to induce 8- 
oxoguanine formation in the rats. 

Formation of 8-oxoguanine adducts occurred in a time- 
dependent manner, which correlates well with the OTA- 
induced production of ROS in these cells. Using the same 
method as described in this study, Morin et al. [30,31] 
showed the formation of 8-oxoguanine in cell cultures 
treated with pro-oxidants. The OTA concentrations elevat- 
ing the ROS levels and inducing the formation of 8- 
oxoguanine were of the same order of magnitude. Recently, 
Griffith [38] showed that OTA in the presence of Fe(IID- 
porphyrin facilitates smgle-strand cleavage of supercoiled 
plasmid DNA through the production of ROS (i.e. hydroxyl 
radical HO ). The author proposes that OTA is oxidized to a 
(hydro-) quinone. Quinones are known to redox cycle, thus 
creating free radicals that bind covalently to a vanety of 
cellular macromolecules [40]. The formation of the (hydro-) 
quinone of OTA implicates the reported involvement of 
oxidative metabolism ın the genotoxicity of OTA [41] and 
could help to explain the previously described CYP450- 
dependent mutagenicity of OTA and its metabolites [42]. 
Redox cycling causes the oxidation of reducing equivalents 
1n the cell, including GSH, and may thus contribute to the 
observed depletion of GSH in the present study. Moreover, 
Gautier et al. [43] have shown that most, if not all, of the 
DNA adducts attributed to OTA and its metabolites do not 
contain an OTA-moiety, further implicating oxidative stress 
as 1mportant determinant in the OTA-induced DNA damage. 
OTA and its metabolites have also been observed to induce 
the formation of DNA adducts in rats and mice [34,44—46]. 
Interestingly, DNA adduct formation was reduced by pre- 
treatment of mice with vitamins A, C and E, indicating the 
involvement of oxidative stress ın OTA-mediated DNA 
damage [46]. 

The results of the present study show that OTA induced a 
comparable response in the two PT cell models, the primary 


PT- and the continuous LLC-PK, cells. In addition, the 
effects of TOCO and NAC on the OTA-mediated toxicity 
were similar and differed only quantitatively. Particularly, 
NAC showed a more potent protection in PT cells that can 
be explained by its more pronounced effect on the GSH 
levels in the primary cells. This suggests that the primary PT 
cells are slightly less sensitive to the actions of OTA, as 
judged by the lower maximal ROS response, the higher IC59 
and the more potent NAC protection 1n the primary PT cells. 

In conclusion, cultured renal tubular cells respond to 
OTA exposure by elevation of ROS levels, depletion of 
GSH levels and an increase in oxidative DNA damage, 
which are 1ndicators of oxidative stress. Taking our results 
obtained with TOCO and NAC into account, it may be 
hypothesized that the OTA-induced oxidative stress contrib- 
utes to both the DNA. damage and cytotoxicity. The effects 
of TOCO indicate that OTA-induced LPO does not contrib- 
ute profoundly to the observed loss of cell viability. The 
strong protective effect of GSH indicates that oxidative- 
stress-related protein damage is a major determinant in 
OTA mediated toxicity. To which extent the ROS formation 
contributes to other toxic effects, m particular by disrupting 
protein synthesis, affecting intracellular calcium handling, 
or inducing mitochondrial dysfunctioning etc., requires 
further exploration. Furthermore, OTA-related ROS forma- 
tion may induce epigenetic effects. 
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Abstract 


The time-course of oxygen free radicals (OFR) generation within acinar cells was studied at different stages of acute pancreatitis (AP) 
induced 1n rats by duct obstruction (PDO) for 48 h by flow cytometry, using dihydrorhodamine-123 (DHR) as fluorescent dye. Parallel 
measurements of the most common markers of oxidative stress such as glutathione (GSH) depletion and malondialdehyde (MDA) levels in 
pancreas were also performed. OFR production significantly increased within acinar cells at early stages of AP, concomitant with a marked 
depletion ın pancreatic GSH Lipid peroxidation was significantly enhanced 6 h after PDO, suggesting that the antioxidant defence system of 
the cell is overwhelmed by OFR production Both MDA and OFR production ın acinar cells decreased to normal values at late AP stages, 
thus allowing the recovery of pancreatic GSH levels 48 h after PDO. Among the two types of acinar cells differentiated by flow cytometry, 
R1 and R2, it was the R2 population that showed higher values of DHR dye. However, no differences between the two cell types were found 
regarding the amount of OFR generation. Our results demonstrate that individual acinar cells significantly contribute to produce large 
amounts of OFR at early stages of AP The two existing populations of acinar cells displayed similar behaviour regarding oxidative stress 


over the course of the disease 
@ 2002 Elsevier Science B V. All rights reserved. 
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1. Introduction 


Acute pancreatitis (AP) is an inflammatory disease whose 
pathophysiology remains poorly understood. It 1s usually 
considered to be an autodigestive disease, in which, in 
addition to premature intracellular protease activation [1], 
other mechanisms such as oxidative stress have also been 
shown to be involved in the development of the disease [2,3]. 
Since Sanfey et al. [4] suggested the possible role of oxygen 
free radicals (OFR) in AP, many studies have been carried 
out in order to investigate the role of oxidative stress 1n 
different experimental models of AP [5—10]. Under healthy 
conditions, OFR are generated by aerobic cells as by- 
products of a number of metabolic reactions, but they are 
quickly removed by a system of enzymatic and non-enzy- 
matic antioxidants within the cell. If OFR production 
exceeds the cellular antioxidant defence mechanisms, oxi- 
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dative stress develops. This leads to disturbances in cellular 
homeostasis since these OFR can cause biochemical and 
functional alterations at different cellular levels, such as lipid 
peroxidation [11], protein oxidation [12] or DNA. damage 
[13], among other toxic effects. Glutathione (GSH) is one of 
the most important cellular antioxidants [14], which 1s 
generally depleted under situations in which OFR produc- 
tion is enhanced, as occurs in AP [7—9]. On this basis, the 
oxidative state of the pancreas is routinely evaluated by 
indirect measurements on extracts of tissue. Pancreatic GSH 
levels and concentration of malondialdehyde (MDA), as a 
product of membrane lipid peroxidation [15] are widely 
considered as indices of the cellular redox estate. However, 
direct analysis of oxidative stress on individual acinar cells 
have not been performed. Two different populations of 
acinar cells have recently been reported in rat pancreas 
[16—19]. Differences in the light scatter properties and ın 
the plasma membrane glycoconjugates were found [16,17]. 
In addition, they showed different behaviour regarding the 
enzyme load and intracellular Ca2* content in rats with AP 
induced by pancreatic duct obstruction (PDO) [19]. In this 
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study, the time-course of OFR generation has been analyzed 
in individual acinar cells during 48 h after inducing AP in 
order to evaluate the relative contributory role of both types 
of acinar cells to oxidative damage in the pancreas at the 
different stages of pancreatitis. The results were associated 
with the depletion of GSH and production of MDA in the 
whole pancreas. 


2. Materials and methods 
2.1. Chemicals 


Collagenase type VII, soybean trypsin inhibitor (STD, 
amino acid admixture, bovine serum albumine (BSA), dihy- 
drorhodamine-123 (DHR), N-(2-hydroxyethyl) piperazine- 
N'-(2-ethanesulfonic acid) (Hepes), GSH, B-nicotinamide 
adenine dinucleotide phospate reduced form (NADPH), 
glutathione reductase type M, ethylenediamine-tetraacetic 
acid (EDTA) and 5,5'-dithio-bis(2-nitrobenzoic acid) 
(DTNB) were supplied by Sigma Chemical Co. (Spain). 
Other standard analytical grade laboratory reagents were 
obtained from Merck (Germany). 


2.2. Surgical procedure 


Male Wistar rats weighing 250—300 g were used. After 
12 h fasting, the rats were anaesthetized with ether and acute 
pancreatitis was induced by ligation of the common bile— 
pancreatic duct at the distal part, close to its exit to the 
duodenum. Afterwards, the abdomen was closed with 5—0 
polyester sutures and the animals were again placed in their 
cages with free access to food and water. Sham-operated rats 
were used as controls; in these animals, bile— pancreatic duct 
was dissected but not ligated. Post-operative analgesia was 
maintained in all animals by subcutaneous injections of 
buprenorphine (0.2 mg/kg/8 h). 


23 Animal groups 


Rats were randomly divided into different groups. Con- 
trols and rats with PDO for 1.5 h (n=12), 3h @=11), 6h 
(n=13), 12 h (n 15), 24 h (n 12) and 48 h (n2 11) were 
prepared. Intact animals were considered as 0 h PDO 
(n=12). At each stage, samples were collected under 
anaesthesia with sodium pentobarbital (3 mg/100 g of body 
weight). Different animals from each group were used to 
analyze the oxidative stress either in isolated pancreatic 
acinar cells or in pancreatic homogenates. The study proto- 
col was approved by the Ethics Committee of the University 
of Salamanca. . 


2.4. Collection of samples 


Laparotomy was performed and the peritoneal fluid 
(ascites) was collected by aspiration. Blood samples were 


taken by cardiac puncture to determine hematocrit and 
plasma amylase activity. Finally, the entire pancreas was 
removed to determine the percentage of fluid, MDA content 
and GSH levels or for isolation of pancreatic cells. 


2.5, Assays 


2.5.1. Pancreatitis indicators 

Amylase activity was determined in plasma and ascites 
using the method of Noelting and Bernfeld [20]. To 
measure the hematocrit, heparinized blood was centrifuged 
at 4000 xg for 5 min in microhematocrit tubes. The 
amount of tissue fluid was calculated by drying the pan- 
creas at 100 °C for 72 h. 


2 5 2. Measurements of GSH and MDA in pancreas 

After homogenizing the pancreas in 596—5 sulfosalicylic 
acid, the GSH content was measured using the specific 
technique described by Tietze [21], based on the spectro- 
photometric monitoring of GSH-mediated reduction of 
DTNB at 412 nm. 

For MDA measurement, pancreata were homogenized in 
0.9% NaCl. The concentration of MDA was quantified by 
thiobarbituric acid reaction [22]. 


2.5.3. Preparation of isolated cells 

Acinar cells were isolated as previously described [16]. 
After a median laparotomy, the bile duct was ligated at its 
exit from the liver and the main pancreatic duct was 
cannulated at its exit into the duodenum to perfuse 5 ml 
of 25 mM HEPES solution pH 7.4 containing collagenase 
(40 U/ml), 0.1 mg/ml STI, 100 mM NaCl, 5 mM KCI, 1 
mM MgCb, 1 mM CaCl, 14 mM D-glucose, 2 mM 
glutamine, 2% (w/v) BSA and 2% (w/v) amino acid 
admixture. The solution was pre-incubated with 95% O; 
and 5% CO, and all further incubations were performed 
with this gas phase The pancreas was digested at 37 °C ina 
shaking bath (200 cycles/min) during 20 min and washed 
with fresh collagenase solution every 5 min. Following 
gentle pipetting through tips of decreasing diameter (3—1 
mm), cells were filtered through a double layer of muslin 
gauze and then centrifuged at 30 x g for 30 s at 4 °C. The 
supernatant was collected and centrifuged at 500 x g, 5 min 
at 4 °C. The supernatant was discarded and the cell pellet 
resuspended in HEPES buffer without collagenase and 
centrifuged again at 500 x g for 5 min at 4 °C. The pellet 
was resuspended in HEPES buffer without collagenase at a 
concentration of 10" cells/ml. The labelling of isolated cells 
with specific antisera against digestive enzymes assessed the 
purity of acinar cells as 99% [16]. 


2.54 Analysis of OFR generation in acinar cells 
Oxidative stress in individual acinar cells was measured 
by using DHR. DHR easily crosses cell membranes and 
upon oxidation by OFR, turns into rhodamine-123 and 
becomes fluorescent [23]. 


1 
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Table 1 


Hematocrit, percentage of fluid, volume of ascites and amylase activity ın ascites and plasma 


Hematocrit (%) 


43.22 + 0.46 
46.19 + 0.97 (*) 
49 58 + 0.77 (***) 
5221 + 1.02 (***) 
49 00 + 0.64 (****) 
4491: 142 

43 60 + 0.75 


Percentage of fluid 


72.65 + 0 72 
76.8 + 0.96 (*) 
78 10 + 1.36 (***) 
81 50 + 1 07 (***) 
79.73 + 0 81 (***) 
79.80 + 0 54 (***) 
81.14 + 1 81 (***) 


PDO 0 h (n=7—12) 
PDO 1.5 h (n=5~7) 
PDO 3 h (n=5) 

PDO 6 h (n=5) 

PDO 12 h (n=5~8) 
PDO 24 h (u=5—7) 
PDO 48 h (n=5—6) 


Volume of ascites (ml) 


063+011 
112x019 
1823073 (*) 
4.04 + 1.15 (***) 
3.95 + 0 73 (***) 
101 +0.14 
004+0.11 


Amylase m ascites (U/dl) 


002+001 
056+010(*) 

0 83 + 0.22 (**) 
1 96 + 0.30 (***) 
3014051 (***) 
0.31 +010 

0.09 + 0 02 


Amylase m plasma (U/dl) 


5.3803 
7.49 + 0 57 

10.39 + 0 76 (***) 
13 81 + 1 37 (***) 
16 04 + 1 50 (***) 
1496 + 1 55 (***) 
8.10 + 0 40 


Values are mean + S.E , n represents the number of animals Statistical test showed significant differences with respect to 0 h PDO * P<0.05, ** P<0.001, 


*** p<001 


A suspension of 100 pl of acinar cells (10°) were 
loaded with 25 mM DHR for 20 min at 4 °C in the 
dark. After washing twice with HEPES buffer, the intra- 
cellular green fluorescence (F11) due to DHR dye, was 
measured using a FACScalibur dual laser flow cytometer 
(Becton/Dickinson, San Jose, CA), equipped with a 
double discrimination module. The argon-ion laser emit- 
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Fig 1 Flow cytometric distribution of acinar cells according to FSC/SSC 
(A), and to FSC/DHR dye (FI1) (B) Dot plots are representative examples 
of one experiment. Acinar cells were from rats with PDO for 6 h. 


ting light at 488 nm and 15 mW was used. Calibration of 
the instrament was performed on a daily basis using 
Calibrite beads (Becton/Dickinson). Leukocytes infiltrat- 
ing the pancreas were excluded on the basis of their 
unique high-light scatter properties [forward or low light 
scatter (FSC)/side or 90° light scatter (SSC)]. At each 
stage studied, cells from sham-operated and PDO-rats 
were measured in parallel, in order to express the 
changes in the intensity of Fll in pancreatic cells from 
PDO-rats as percentages of values obtained in sham- 
operated rats. The Paint-a-Gate 3.0 software programme 
was used for data acquisition and analysis. In each 
experiment, the mean value per individual cell was 
obtained from the analysis of at least 10,000 cells. 


2.6. Statistical analysis 


Results are expressed as mean + S.E. analysis of var- 
iance (ANOVA) followed by Fisher test was applied in 
order to establish whether the differences between controls 
and rats with PDO for different times were statistically 
significant. Paired Student's t-test was applied to the results 


% of sham 





1.5 3 6 12 24 48 
(hours after PDO) 


Fig. 2 Flow cytometry analysis of intracellular generation of OFR in 
individual acinar cells from rats with PDO for 15h (n=5), 3 h (n=5), 6h 
(178), 12 h (77), 24 h (n—5) and 48 h (n 75), using DHR as fluorescent 
dye. Data are expressed as means of percentages of values obtamed in 
Sham-operated rats + S E n—number of animals. ANOVA test followed 
by Fisher test showed statistically significant vs. controls ( * P «0 05) 
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Fig 3 Flow cytometric analysis of intracellular OFR in RI and R2 acinar 
cells from rats with PDO for 15 h (75), 3 h (n=5), 6 h (n8), 12h 
(n7 7), 24 h (n —5) and 48 h (n=5), using DHR as fluorescentdye Data are 
expressed as means of percentages of values obtatned in sham-operated rats 
+S E n—number of animals Paired Student's ! test showed no significant 
differences between R1 and R2 cells. 


obtained in the two acinar cell populations, R1 and R2. In 
all cases, P values lower than 0.05 were considered to be 
statistically significant. 


3. Results 


As can be seen in Table 1, progressive increases in 
hematocnt, percentage of fluid in pancreatic tissue and 
amylase activity in ascites and plasma were observed from 
1.5 to 12 h after PDO. The highest values were reached 6 
and 12 h after PDO (P«0.001). Hematocrit, volume of 
peritoneal fluid and amylase activity in ascites returned to 
contro] values 24 h after PDO, whereas plasma amylase 
activity still remained increased at this stage. 

Fig. 1 shows a representative example of the flow 
cytometric distribution of pancreatic acinar cells according 
to FSC (forward or low light angle scatter) vs. SSC (side or 
90 °C light scatter) (Fig. 1A) and FSC vs. DHR dye (Fig. 


GSH 





Fig 4 Pancreatic content of GSH in rats with PDO for 0 h (n=12), 15h 
(n=5), 3 h (n=6), 6 h (n5), 12 h (178), 24 h (n=7) and 48 h (n=6) 
Values are expressed as mean + S E. n—number of animals. ANOVA test 
followed by Fisher test showed statistically significant differences vs rats 
without PDO (0 h) (* * * P«0.001) 
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Fig 5 Tissue levels of MDA in rats with PDO for 0 h (n= 10), 1.5 h (n7), 
3h (1-6) 6h (n5), 12 h (n6), 24 h (n= 6) and 48 h (n= 5). Values are 
expressed as mean + S E. n—number of animals ANOVA test followed by 
Fisher test showed statistically significant differences vs rats without PDO 
(0 h) (** * P«0.001) 


1B). Two well-differentiated populations of cells could be 
observed on the basis of FSC, which are referred to as R1 
and R2. Since R2 cells showed higher values of FSC—a 
parameter related to size [24]—this minor population is 
made up of larger cells than R1. Regarding the intensity of 
fluorescence due to DHR, a great degree of heterogeneity 
could be observed m both populations. Nevertheless, R2 
cells displayed higher values of DHR dye than R1 cells in 
all animal groups. 

Flow cytometric analysis of individual acinar cells 
(Fig. 2) revealed an increase in the mean fluorescence in- 
tensity due to DHR from 3 h after PDO, although statistical 
significance (P<0.05) was not reached until 6 and 12 h 
after PDO. 

Regarding the changes in DHR-fluorescence respect to 
the values obtained in sham-operated rats, no significant 
differences between R1 and R2 cells were found at different 
times of PDO (Fig. 3). 

The content of total GSH in pancreatic tissue is shown in 
Fig. 4. Significantly ( P « 0.001) decreased concentrations of 
GSH were found from 3 to 24 h after PDO. Normal GSH 
values were reached 48 h after PDO. 

A significant (P<0.001) increase in MDA concentra- 
tions (Fig. 5) was observed in pancreas from rats subjected 
to PDO for 6 h. 


4. Discussion 


The role of oxidative stress in AP has been widely 
studied in several animal models [5—10]. However, little 
data are available regarding AP induced by PDO, even 
though this experimental design represents a useful model to 
study gallstone-induced pancreatitis—the most common 
etiology of the disease in humans [25]. Although it is 
accepted that the biochemical alterations that lead to AP 
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are initiated within acinar cells at early stages [26], the 
evaluation of the OFR and its role m AP is generally 
performed in homogenates of pancreatic tissue [6,9—11]. 
Therefore, our major goal was to evaluate the individual 
contribution of acinar cells to OFR production at different 
stages of AP induced by PDO and correlate the results with 
the pancreatic GSH content, as a major reductant factor in 
oxidant—reductant processes. 

In this study, intracellular OFR generation was monitored 
by flow cytometry using DHR as fluorogenic dye. DHR is 
usually considered as a useful tool for depicting the pro- 
duction of O; ^, H20,, and OONO ^ [23]. Flow cytometric 
analysis of acinar cells loaded with DHR revealed a pro- 
gressive enhancement of OFR production from 3 to 12 h 
after PDO, which was concomitant with the progressive 
development of AP, as revealed by the different parameters 
used for diagnosing the severity of the disease. Neverthe- 
less, OFR are characterized by an extremely short half-life 
because they attack nearby substrates such as proteins, lipids 
and DNA [11—13]. Therefore, the production of OFR at 
earlier stages of AP should not be ruled out. This notion is 
supported by Reinheckel et al.'s [27] reports who found 
oxidized proteins in pancreas as a result of oxidative stress 1 
h after inducing AP by both taurocholate and cerulein [28], 
even before pancreatic edema and hyperamylasemia were 
observed. In the current study, lipid peroxidation, expressed 
in terms of MDA concentration, also seems to have started 
1.5 h after PDO, but it was 6 h after PDO when the highest 
MDA levels were found. Reinheckel et al. reported that 
protein oxidation precedes the formation of the lipid perox- 
1dation product MDA, suggesting independent pathways for 
the oxidative damage exerted on different cellular sub- 
strates. Protection against OFR requires enzymatic and 
non-enzymatic antioxidants [29] such as GSH. Our results 
show that the enhanced lipid peroxidation observed 6 h after 
inducing AP is concomitant with the maximum depletion of 
GSH and the highest increases in DHR dye in acinar cells. 
These data indicate that at this stage of AP, a large OFR 
production takes place in acinar cells which overwhelms 
OFR neutralization by the antioxidant defence system in 
acinar cells and suggests that MDA generation might 
require higher amounts of OFR than protein oxidation. 
Peroxidation of lipids of membranes would lead to distur- 
bances in membrane organization and cellular damage 
observed by electron microscopy in previous studies [19]. 
Furthermore, some of the products resulting from lipid 
peroxidation may act as co-factors or activators of other 
pathological mechanisms, like phospholipase A; [30], an 
enzyme whose serum levels correlate with the severity of 
AP and which seems to be involved m lung damage 
occurring during AP [31]. In the light of the OFR increases 
In acinar cells and the reduced GSH levels, MDA increase 
could have been expected 12 h after PDO. However, as 
occurs in other experimental models of AP [28,32], a single 
peak of MDA was observed 6 h after PDO. Currently, we 
cannot explain this finding but as an asynchronous oxida- 


tion of proteins and lipid was described by Reinheckel et al. 
[27,28], a later attack of OFR to a new target while MDA is 
metabolized could be a possibihty. 

Activated neutrophil system, xanthine oxidase (XOD) 
and mitochondrial dysfunction are among the mechanisms 
responsible for inducing oxidative stress [33]. Although 
neutrophils that infiltrate into the pancreas from early stages 
of AP can contribute to the generation of OFR [34], our 
results indicate that acinar cells—themselves—are able to 
significantly increase OFR production, thereby acting as 
messengers to directly and/or indirectly enhance the activa- 
tion of intracellular proteases and the inflammatory reaction 
during the development of AP. 

From 24 h after PDO, individual acinar cells no longer 
showed increased values of fluorescence due to DHR 
Morphological alterations [18] and depletion of ATP levels 
in acinar cells [8,9] indicate that mitochondria are early 
targets of cell damage in AP. Taking into account that these 
organelles are the main source of OFR [35], our results can 
be explained by a severe mitochondrial injury at late stages 
of AP m many acinar cells, rendering them incapable of 
producing more OFR because of impairment in the energy 
metabolism. Furthermore, DHR 1s a dye which easily 
crosses all membranes and becomes fluorescent upon oxi- 
dation generating rhodamine-123, also located 1n the mito- 
chondria [23]; 1f these organelles are severely injured, cells 
could fail to take up the dye. 

GSH levels returned to normal values 48 h after PDO. 
Since we measure total glutathione, this could be attributed 
to an enhanced oxidized glutathione (GSSG). Nevertheless, 
it has been reported that this does not occur durmg AP 
induced by duct obstruction [9]. We suggest that the GSH 
turnover supplies GSH to the pancreas from other organs, 
such as the liver, the main source of GSH in the body. Since 
OFR are not generated at late stages of AP, GSH may not be 
used as reductant factor, thus allowing the recovery of GSH 
levels in pancreatic tissue. 

Despite the mean values of DHR dye in acinar cells, and 
GSH and MDA pancreatic contents returning to control 
values at late stages of AP induced by PDO, the improve- 
ment of the disease should not be considered in the light of 
the severe morphological alterations at 24 and 48 h after 
PDO observed by electron microscopy studies [16—19]. 

Flow cytometric studies revealed the existence of two 
well-differentiated populations of acinar cells, R1 and R2, 
on the basis of light scatter properties. The two cell types 
have been shown to react distinctly to AP induction as 
regards enzyme load [16] and intracellular Ca”* concen- 
trations [19]. In the present study, both in controls and PDO- 
rats, R2 cells showed higher values of fluorescence intensity 
due to DHR, a finding that suggests either higher oxidative 
capacity and/or higher respiratory metabolism than R1 cells. 
Accordingly, we expected both populations to behave ın a 
different way with regard to oxidative metabolism. How- 
ever, no differences between them could be observed. Both 
populations of acinar cells displayed similar behaviour in all 
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stages of AP induced by PDO, which suggests that oxidative 
stress within acinar cells does not totally correlate with other 
pathological mechanisms involved in the development of 
AP, such as Ca?" homeostasis or enzyme overload. 

In conclusion, our study clearly shows that acinar cells 
produce large amounts of OFR at early stages of PDO- 
induced AP in rats, which may contribute to the oxidative 
injury of the pancreas. In addition, we have shown that the 
two existing populations of acinar cells display a similar 
behaviour regarding oxidative stress during different stages 
of AP. Further studies are needed to clarify the relationship 
between the different events related to oxidative stress and 
other intracellular pathological events involved in the devel- 
opment of acute pancreatitis. 
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Abstract 


In this study, the amounts and the fine structural characteristics of versican and decorin present in human colon adenocarcinomas (HCC) 
were investigated and compared with those 1n human normal colon (HNC). HCC 1s characterized by significant increase m the amounts of 
versican and decorin (13- and 8-fold 1n terms of protein, respectively). These two proteoglycans (PGs) were the predominant in HCC (86% of 
total uronic acid). In HNC, versican and decorin contamed both chondroitm sulfate/dermatan sulfate chams (CS/DS), with DS to be the 
predominant one (90-93%). The molecular sizes (Ms) estimated for DS and CS chains were 25—28 and 21—28 kDa, respectively In CS/DS 
chains isolated from both versican and decorin, 4-sulfated disaccharides accounted for 79—86% of total disaccharide units, respectively, 
whereas lower amounts of 6- and non-sulfated units were also recorded. In contrast, the tumor-associated versican and decorm were of 
smaller hydrodynamic size with lower glycosammoglycan (GAG) content per PG molecule as compared with those found in HNC In HCC, 
both PGs contained mainly CS chains (up to 86%) and the M,s of CS and DS chains were also found to be of smaller size (12 and 16 kDa, 
respectively) The sulfation patterns of CS/DS chains from both PGs were also significantly different They were composed mainly of 6- 
sulfated disacchandes (63-70%), whereas 4-sulfated units accounted for 23-31%. A significant increase m the proportion of non-sulfated 
disacchandes was also recorded These findings indicate that the colon adenocarcinoma 1s characterized by a remarkable increase in the 
concentration of versican and decor Furthermore, these PGs are significantly modified at the post-translational level, 1e the type, length 
and the sulfation pattern of their GAG chains. These specific structural alterations of versican and decorin may influence the biology of 
cancer cells in HCC. 
© 2002 Elsevier Science B.V All nghts reserved. 


Keywords Colon carcinoma; Proteoglycan, Versican, Decorin, Glycosammoglycan, Sulfation pattern 





1. Introduction malignant tumors. Versican is a member of the hyalectan 
family and play important roles in forming hyaluronan (HA)- 


Proteoglycans (PGs) are macromolecules composed of a rich matrix, which would provide cells with anti-adhesive 


core protein onto which variable number of glycosamino- 
glycan (GAG) chains are covalently attached. They are key 
bioactive molecules and are directly implicated in a large 
variety of human diseases. Several studies indicated that 
significant changes m PG content occur in the tumor stroma 
of epithelial neoplasms and that these alterations support 
tumor growth and invasion [1]. Colon carcinoma is a 
common epithelial neoplasm, which is characterized by 
increased levels of versican and decorin [2]. These PGs 
contain chondroitin sulfate (CS)/dermatan sulfate (DS) 
chains and are abnormally expressed in a wide variety of 
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environment [3—5]. The deposition of versican 1n the tumor 
stroma, particularly in HA-rich regions, probably supports 
the cancer cell growth. The abnormal expression of versican 
occurs as a consequence of hypomethylation of its control 
genomic region and abrogation of versican expression by 
antisense oligodeoxynucleotides can revert the malignant 
phenotype. Decorin, a prototype member of the small 
leucine-rich PG family [1,2,6], is emerging as a powerful 
modulator of cell growth by affecting several key elements 
mcluding matrix assembly, binding of growth factors and 
tyrosine kinase activity [7—9]. Decorin levels are suppressed 
in most transformed cells [10], but markedly increased in the 
peritumorous stroma of colon cancer [11]. The latter may 
represent a natural biological response of the host cells to the 
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mvading neoplastic cells [12]. Many of the above biological 
properties of these matrix PGs reside to the specific structural 
characteristics of their GAG chains. Remarkable structural 
alterations of GAG chains have been recorded rm a variety of 
neoplasms of the gastrointestinal tract and pancreas [13,14]. 
Particularly, poorly differentiated colon adenocarcinoma is 
characterized by significant increase of HA-derived A-dis- 
accharides and 6- and non-sulfated disacchandes as deter- 
mined by high-performance capillary electrophoresis 
(HPCE) [13]. 

The aim of this study was to determine in deep detail the 
fine structural characteristics of the GAG moieties of versi- 
can and decorin in human colon carcinoma (HCC). The 
results reveal that the poorly differentiated colon adenocar- 
cinoma is characterized by significant increase in the con- 
centration of versican and decorin. In normal colon these 
PGs contain primarily DS chains, whereas in colon carci- 
noma they are mainly substituted with CS chains. Further- 
more, in cancerous tissue, both GAGs exhibit smaller 
molecular size and a quite different sulfation pattern. 


2. Materials and methods 
2.1 Chemicals 


Sepharose CL-4B, CL-6B and DEAE-Sephacel were 
obtained from Pharmacia Chemicals (Uppsala, Sweden). 
Papain twice crystallized (EC 3.4.22.2), cetylpyridinium 
chloride (CPC), chondroitinase ABC (EC 4.2.2.5), chon- 
droitinase AC II (EC 4.2.2.4), heparin lyase II (heparitinase 
II, no EC number), GAG standards and standard prepara- 
tions of differently sulfated A-disaccharides from heparin 
and heparan sulfate were from Sigma Chemical Co. (St. 
Louis, MO, USA). Chondroitinase B (EC 4.2.2.5), heparin 
lyases I and III (EC 4.2.2.7 and 4.2.2.8, respectively) and 
standard preparations of variously sulfated A-disaccharides 
from CS, DS, HA as well as monoclonal antibodies 2—B—1 
against versican and 6—B—6 against decorin were purchased 
from Seikagaku Kogyo. All chemicals used were of the best 
commercially available grade. 


2.2 Analytical methods 


GAGs were detected in column fractions by the DMB 
method [15] and uronic acid (UA) was determined by the 
Bitter- Muir modified carbazole reaction [16]. Protein con- 
tent was determined by the method of Bradford [17]. 
Unsaturated disaccharides released following treatment of 
GAGs with chondroitinase ABC were determined by high- 
performance liquid chromatography (HPLC) [18]. 


2.3. Tissue source—patients 


Colon carcinomas were collected from patients (five 
males/three females) aged 45—65 years, who underwent 


colectomy for colon adenocarcinoma 1n the University 
Hospital of Patras. Specimens were taken directly from 
operating rooms. Specimens of normal colon, which 
included mucosa and submucosa, were also collected from 
the normal regions of the same patient. All specimens were 
immediately stored at — 70 °C. Pathological examination of 
the neoplastic tissue showed poorly differentiated adenocar- 
cinoma in six out of eight cases. The poorly differentiated 
carcinomas were located in the descending and sigmoid 
colon and were of stage C1 (two cases out of six) and C2 
(faur cases out of six) according to the modified Duke's 
classification of colon carcinoma. Normal tissue specimens 
were free from specific histopathological evidence. 


24. Extraction, isolation and characterization of versican 
and decorin 


The poorly differentiated carcinomas and the respective 
normal specimens (n = 6) were finely diced and extracted 
separately, by gentle shaking with 10 vol. of 4 M guanidine- 
HC1-0.05 M sodium acetate, pH 5.8, containing protease 
inhibitors for 24 h at 4 °C [19,20]. The extraction mixture 
was filtered and the filtrate was retained. The residues were 
re-extracted with 10 vol. of the same extracting solution. 
The extracts were concentrated by ultrafiltration on a YM- 
10 Amicon filter and then dialyzed against 0.15 M sodium 
chloride containing the above described protease inhibitors. 
Consequently, the PGs were isolated by precipitation with 
CPC, extraction of the CPC-PGs complex with 2 M sodium 
chloride and re-precipitation with ethanol [21]. 

PGs were dissolved in 4 M guanidine-HCI-0.05 M 
sodium acetate pH 5.8, in the presence of protease inhibitors 
and aliquots were obtained for chemical analyses. The 
remainder were subjected to dissociative cesium chloride 
density gradient ultracentrifugation (starting density = 1.42 
g/ml). Ultracentnfugation was performed for 48 h at 10 °C, 
in a Beckman L2-65B centrifuge with an 8 x 12 ml T 65 
fixed angle rotor at 37,000 rpm. After centrifugation, the 
tubes were frozen and cut into three fractions as follows: 
bottom 3 ml (Di, density >1.53 g/ml), middle 6 ml (D;, 
density 1.36—1.53 g/ml) and top 3 ml (Ds, density < 1.36 g/ 
ml). The fractions were analyzed for uronic acid, hexosamine 
and protein. The isolated proteoglycans of high buoyant 
density (D, fraction) and low buoyant density (D» fraction) 
were dialyzed against 10 M formamide—0.05 M sodium 
acetate, pH 6.0, containing 0.2% Triton X-100 and all above 
described inhibitors [22] and applied to a DEAE-Sephacel 
microcolumn (3 ml) equilibrated with the same buffer. HA 
were eluted by washing ofthe column with 3 vol. ofthe same 
buffer containing 0.3 M NaCl. PGs were fractionated by 
elution of the column with 10 vol. of a linear gradient 
ranging from 0.3 to 0.85 M NaCl in formamide buffer. 
HSPGs were eluted with ~ 0.4—0.5 M NaCl and were 
completely separated from CS/DSPGs, which were eluted 
with 0.55—0.7 M NaCl in each case. CS/DSPGs were pooled 
as indicated by bars and concentrated. 
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CS/DSPGs were further fractionated by gel filtration 
chromatographies on analytical Sepharose CL-4B and -6B 
columns (110 x 0.6 cm), equilibrated and eluted with 4 M 
guanidine-HC1—0.15 M sodium acetate, pH 5.8. The aver- 
age molecular weight (M of the proteoglycans was esti- 
mated using proteoglycan standards for calibrating the 
columns [23]. 

Identification of PGs was performed by Western blotting. 
PGs were electrophoresed in 4—20% (w/v) acrylamide 
gradient gels, containing SDS (SDS-PAGE) according to 
the method of Laemmli [24]. Separate gels were stained 
with Coomassie R-250 and Toluidme blue. The electro- 
phoresed samples were transferred to polyvinylidenedifluor- 
ide membranes (Immobilon-P) at constant current 80 mA at 
4 °C for 20 h in 0.05 M Tris-HCI, pH 8.3. The membranes 
were washed with 0.14 M NaCl in 0.01 M phosphate buffer, 
pH 7.2, containing 0.1% Tween 20 (PBS-T) and blocked 
with 5% dry defatted milk in PBS-T. They were immersed 
in antiserum against either versican (monoclonal antibody, 
clone 2—B-1) [25,26], decorin (monoclonal antibody, clone 
6—B—6) and biglvcan (polyclonal antibody) [27], diluted 
1:1000 m PBS-T and incubated for 60 min at room temper- 
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ature. The membranes were washed and incubated with 
peroxidase-labelled secondary antibodies (rabbit anti- 
mouse/goat anti-rabbit) diluted 1:2000 in PBS-T for 60 
min at room temperature. The membranes were washed 
and the immunoreacted bands were visualized by the 
enhanced chemilumiscence technique (ECL, Amersham) 
according to the instructions of the manufacturer. 


2 5. Isolation and characterization of GAGs 


Aliquots of isolated PGs were digested with papain and 
the GAGs were released from remaining peptide fragments 
by treatment with 0.05 M NaOH/1 M sodium borohydride at 
45 °C for 48 h under vacuum [28,29]. Characterization and 
quantitation of GAGs were performed following acetate 
cellulose electrophoresis [30], gel filtration on analytical 
columns of Sepharose CL-6B and HPLC analyses before 
and after treatment with a mixture of heparin lyases I, II and 
III and/or chondroitinases ABC and AC II [31]. Disacchar- 
ide composition and sulfation pattern of GAGs were esti- 
mated following digestion with chondroitinase ABC and 
HPLC analysis (18]. Gel filtration of GAGs was performed 
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Fig 1 Fractionation of NPGs-D, and CPGs-D, (A) and NPGs-D; and CPGs-D; (B) from normal colon (O) and colon carcinoma (9), respectively, by anion- 
exchange chromatography on DEAE-Sephacel microcolumn (3 ml bed volume) The column was elute stepwise with 3 vol of the formamide buffer described 
in the text containing 0 3 M NaCl and 10 vol of a NaCl linear gradient ranging from 03 to 0.85 M Fractions of 0 5 ml were collected and aliquots were 
precipitated by the addition of 4 vol of ethanol Precipitates were dissolved in distilled water and analyzed for their GAG content by the DMB method. (C) 
SDS-PAGE (lanes 1 and 2) and immunoblot analyses (lanes 3 and 4) of CS/DSPGs isolated from NPGs-D, (lanes 1 and 3) and CPGs-D; (lanes 2 and 4) CS/ 
DSPGs were electrophoresed without any treatment in 4—20% gradient gels and they were stamed with Toluidine blue (lanes 1 and 2) Immunostaming was 
performed in CS/DSPGs which had been digested with chondroitinase ABC using the monoclonal antibody 2—B — 1 against versican (lanes 3 and 4). (D) SDS- 
PAGE (lanes 1 and 2) and immunoblot analyses (lanes 3—6) of CS/DSPGs isolated from NPGs-D; (lanes 1, 3 and 4) and CPGs-D; (lanes 2, 5 and 6) CS/ 
DSPGs were electrophoresed without any treatment in 4—20% gradient gels and they were stamed with Toluidine blue (lanes 1 and 2) Immunostaming was 
performed m CS/DSPGs before (lanes 3 and 5) and after digestion (lanes 4 and 6) with chondroitinase ABC using the monoclonal antibody 6--B—6 against 
decorin The figure indicates a representative case of normal (n = 6) and cancerous specimens (z =6) exammed 
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on analytical Sepharose CL-6B column (110 x 0.6 cm), 
equilibrated and eluted with 0.5 M sodium acetate, pH 
7.0. The M;s of the CS and DS chains were estimated by 
the construction of the secondary profile according to a 
recent study [32], using CS molecular weight standards for 
calibrating the column. In brief, the mixture of isolated CS/ 
DS was digested with chondroitinase B and the profile, 
upon gel chromatography on Sepharose CL-6B, was com- 
pared to that of the initial undigested sample. The absolute 
amounts or percentage of uronic acid measured ın each 
fraction of the chromatographies before and after treatment 
with chondroitinase B were subtracted, fraction by fraction, 
and the differences were obtained. The positive differences 
were used to construct the secondary profile, which repre- 
sented the uronic acid content of the fractions removed after 
the enzymatic digestion, 1.e. the elution profile of intact DS 
chains, and thus the size distribution of DS was obtained 
and its M, was calculated. 


2.6. Statistical analysis 


Statistical analysis was performed by the t-test using the 
microcal origin software (version 3.2). 


3. Results 
3 1. Isolation and characterization of versican and decorin 


The extracts of each specimen from normal colon and 
colon carcinoma (n=6) were analyzed separately for their 
uronic acid contents. These analyses indicated that the 
dissociative extraction of normal and cancerous specimens 
removed up to 83—87% of total uronic acid in both tissues. 
PGs from each specimen were isolated separately following 
CPC and ethanol precipitation and further subjected to 
equilibrium—density-gradient fractionation under dissocia- 
tive conditions. The gradient was divided into three frac- 
tions and the distribution of uronic acid and protein was 
determined. The top fractions of buoyant density (D3, 
P<1.36 g/ml) from both normal and cancerous tissues 
contained about 2% of total uronic acid and were not further 
examined. The specimens of normal colon contained mainly 
(87—91% of total uronic acid) PGs of high buoyant density 
(NPGs-D,, P>1.53 g/ml) and a small proportion (7—11% of 
total uronic acid) of PGs of low buoyant density (NPGs-D;, 
1.36<P<1.53 g/ml). In colon carcinoma, the PGs of high 
buoyant density (CPGs-D,) represented the 80—83% of total 
uronic acid and those of low buoyant density PGs (CPGs- 
D2) accounted for 15—18% of total uronic acid. 

NPGs-D, and CPGs-D, were further fractionated by ion- 
exchange chromatography on DEAE-Sephacel column. A 
typical profile of these chromatographies is shown in Fig. 
1A. The column was eluted with 10 vol. of a NaCl linear 
gradient ranging from 0.3 to 0.85 M and two populations 
were resolved in each case. The column recoveries exceeded 


93% and the elution patterns were reproducible. As assessed 
following treatments of the isolated populations with a 
mixture of heparin lyases as well as with chondroitinases 
ABC and AC II, and analyses by HPLC and cellulose 
acetate electrophoresis, population I contained HSPGs, 
whereas population II contained a mixture of CS/DSPGs 
(Fig. 1A). Similarly to NPGs-D, and CPGs-D,, PGs present 
in fractions NPGs-D, and CPGs-D; were isolated following 
ion-exchange chromatography. NPGs-D; and CPGs-D, 
fractions were chromatographed on DEAE-Sephacel col- 
umn and only population II of CS/DSPGs, which was eluted 
with 0.55—0.7 M NaCl, was recorded in each case (Fig. 1B). 

The isolated CS/DSPGs were further analyzed by SDS- 
PAGE and immunoblotting using specific antibodies against 
several types of matrix CS/DSPGs. Analyses were per- 
formed before or/and after they had been digested with 
chondroitinase ABC. SDS-PAGE of intact populations 
NPGs-D, and CPGs-D, showed the presence of a large 
size population, which remained in the top of the stacking 
gel (Fig. 1C, lanes 1 and 2). Immunoblotting following 
treatment of the populations NPGs-D, and CPGs-D, with 
chondroitinase ABC revealed the presence of two core 
proteins with M,s>215 kDa in each tissue specimen, which 


( A) —4e— Normal Colon - Versican 


—O— Colon Carcinoma - Versican 


—€— Normal Colon - Decorin 
—O— Colon Carcinoma - Decorin 
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Fig. 2. Gel chromatography of pooled versican (A) and decorin (B) isolated 
from normal colon (O) and colon carcinoma (e), on Sepharose CL-4B and 
Sepharose CL-6B (110 x 06 cm 1d), respectively The columns were 
eluted with 4 M guanidine-HCI—0.15 M sodium acetate, pH 5 8, and 
fractions of 0.9 ml were collected Aliquots of the fractions were 
precipitated by the addition of 4 vol of ethanol, dissolved in distilled 
water and analyzed by the DMB method. 
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reacted only with the monoclonal antibody 2—B-—1 against 
versican (Fig. 1C, lanes 3 and 4). In the isolated popula- 
tions, NPGs-D; and CPGs-D;, the presence of a single 
population with apparent molecular size (estimated using 
protein standards) of — 100 kDa for NPGs-D, and — 80 
kDa for CPGs-D, was identified by SDS-PAGE (Fig. 1D, 
lanes 1 and 2). Immunoblot analyses of these populations 
before and after treatment with chondroitinase ABC, using 
specific antibodies for the matrix CS/DSPGs described m 
Material and methods revealed the only presence of decorin 
with a core protein of ~ 40 kDa in these populations (Fig. 
1D, lanes 3-6). 

Both versican and decorin present in each tissue speci- 
men were quantitated in terms of uronic acid and protein 
(Table 1). HCC was found to contain significantly increased 
amounts of versican (13-fold, 620 + 45 ug of protein/g w/w 
of tissue) in comparison to human normal colon (HNC) 
(4547 ug of protein/g w/w of tissue). Furthermore, the 
ratio of uronic acid to protein in versican isolated from HCC 
(0.4) was decreased 40% as compared to that from HNC 
(0.65). Decorin amounts were also markedly increased in 
colon carcinoma (8-fold, 413 + 30 ug of protein/g w/w of 
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tissue) in comparison to normal colon (48 + 5 ug of protein/ 
g w/w of tissue) and a 40% decrease in the ratio of uronic 
acid to protein was also estimated in cancerous specimens 
(0.25 in normal colon and 0.15 in colon carcinoma) (Table 
1). The analyses indicated no significant intrabatch differ- 
ences in the concentrations of versican and decorin between 
the various normal and cancerous specimens examined as 
shown by the low variability in each group. For this reason, 
versican and decorin from each group were separately 
pooled and further structural analyses were performed on 
pooled versican and decorin from HNC and HCC. 

Gel chromatography of versican contained m HNC and 
HCC on a Sepharose CL-4B column revealed the presence 
of a homogeneous population in each case with Kay values 
of 0.31 (M. of 800 kDa) and 0.38 (M, of 580 kDa), 
respectively (Fig. 2A). The respective chromatography of 
decorin on Sepharose CL-6B column also revealed the 
presence of homogenous populations in each case with 
Kav of 0.27 for normal tissue (M, of 80 kDa) and 0.35 for 
colon carcinoma (M, of 56 kDa) (Fig. 2B). These results 
indicated a 3096 decrease in the molecular mass of both 
versican and decorin in HCC. 
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Fig 3. Gel chromatography of CS/DS chains isolated from pooled versican (A) and (B) and decorin (C) and (D) from normal colon (A) and (C) and colon 
carcinoma (B) and (D) on an analytical Sepharose CL-6B column (110 x 0 6 cm 1d ), before (8) and after (O) treatment with chondroitinase B. The column 
was eluted with 0 5 M sodium acetate, pH 7 0 Fractions of 0 9 ml were collected and analyzed for their uronic acid content (Insets) Secondary profile of DS 
chains, obtained from the positive differences of uronic acid in each fraction of the sample before and after digestion with chondroitinase B 
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Table 1 


Structural charactenstics of versican and decorin isolated from human normal colon and poorly differentiated colon adenocarcinoma 


PGs composition Versican 


Normal colon 


Colon carcinoma 


Decorin 


Normal colon Colon Carcinoma 


Uronic acid 29 t4 248 + 30 12+3 6247 
Protein 4547 620 + 45 485 413 + 30 
Uronic acid/protein (w/w) 065 0 40 025 015 
M, of PGs (kDa) 800 580 80 56 
Cs? 10 86 7 77 
Ds? 90 14 93 23 

M, of CS (kDa) 21 12 28 12 

M, of DS (kDa) 25 16 28 16 
Non-sulfated disaccharides® 3 7 2 6 
4-Sulfated disaccharides® 79 23 86 31 
6-Sulfated disaccharides° 18 70 12 i 63 








The results are expressed as pg/g wet weight of tissue Values are the means + S D of the normal colon specimens (7 = 6) and colon carcinoma specimens 


(n= 6) examined. 


* Percentage composition estimated in the pooled versican and deconn CS was estimated as the chondroitinase B resistant material 
5 Percentage composition estimated ın the pooled versican and decorm DS was estimated as the chondroitmase B degradable material 


* Percentage composition estimated in the pooled versican and decori 


3.2. Characterization of GAG chains of versican and 
decorin 


In order to examine the composition and fine chemical 
structures of GAG chains attached into versican and 
decorin, they were released following papain digestion 
and alkaline borohydride treatment. GAGs were then chro- 
matographed on an analytical Sepharose CL-6B column 
before and after exhaustive digestion with chondroitinase B, 
an enzyme that is specific for the degradation of DS-type 
sequences. The products of digestion were eluted close to 
the V, of the column. In versican and decorin isolated from 
normal colon, the enzyme degraded significant amounts of 
the mixture of CS/DS chains (about 90—93% of total uronic 
acid), indicating the prominent presence of DS in both 
versican (Fig. 3A) and decorin (Fig. 3C). A minor propor- 
tion (about 7—10% of total uronic acid) of the sample, 
which was resistant to degradation with chondroitinase B 
represents CS chains (Fig. 3A and C, Table 1). In contrast to 
normal tissue, the chondroitinase B degraded only minor 
amounts of the mixture of CS/DS chains attached into 
versican (Fig. 3B) and decorm (Fig. 3D) in HCC. In both 
versican and decorin from cancerous tissue, CS is the 
predominant GAG (86% of total uronic acid in versican 
and 77% in decorin), whereas DS accounts for 14—23% of 
total uronic acid, respectively (Table 1). 

The CS chains isolated from versican and decorin from 
HNC after digestion of CS/DS chams with chondroitinase B 
were eluted as single peaks with K,, of 0.62 and 0.54 
corresponding to M,s of 21 and 28 kDa, respectively (Fig. 
3A and C, Table 1) The CS chains isolated from both 
versican and decorin from HCC were of smaller size (M; of 
12 kDa in both PGs) (Fig. 3B and D, Table 1). The 
secondary profiles of DS present in versican and decorin 
were constructed (Fig. 2A—D insets) as described in Mate- 
rials and methods. From these secondary profiles, the M;s of 
DS chains were calculated. DS chains belonging to both 


versican and decorin from HCC were of smaller molecular 
size (M, of 16 kDa) as compared to those from normal 
tissues (M, of 25 kDa for versican and 28 kDa for decorin) 
(Fig. 3A—D imsets, Table 1). 

Analyses for the sulfation pattern of the GalGAG chains 
are presented in Table 1. In versican and decorin isolated 
from HNC, 4-sulfated disacchandes predominated (79— 
86% of total disaccharides, respectively). Lower amounts 
of 6-sulfated (18—12% of total disaccharides in versican and 
decorin, respectively) and non-sulfated units (3—296) were 
also recorded in the normal tissue (Table 1). In contrast, in 
HCC the sulfation patterns of both versican and decorin 
were significantly altered. Particularly, the relative propor- 
tions of 6-sulfated and non-sulfated disaccharides were 
markedly increased in both versican and decorin and 
accounted for 70—6396 and 7—6% of total disaccharides, 
respectively (Table 1). 


4. Discussion 


Previous studies [33,34] have demonstrated that HCC is 
characterized by the increased production of a structurally 
altered CS by the connective tissue surrounding the neo- 
plastic cells. Other studies [11] have shown that HCC 
contained: increased levels of decorin-bearing CS chain, m 
which the non- and 6-sulfated disaccharides are the pre- 
dominant units, as detected by specific antibodies. The 
abnormal expression of versican in the cancerous tissue 
has been also demonstrated [11,35,36]. In a recent study, we 
showed that the poorly differentiated colon adenocarcinoma 
and other epithelial cancers are associated with specific 
compositional and structural modifications of GAGs [13]. 

The goal of the present study was to examine in deep 
detail the fine structural characteristics of GAGs attached on 
the abnormal expressed PGs versican and decorin in human 
colon cancer and to compare them with normal tissue. 
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The results mdicated that HNC contained versican and 
decorin, which are primarily substituted with DS side 
chains. HCC contained significantly elevated amounts of 
versican (13-fold increase of protein amounts) and decorin 
(8-fold increase of protein amounts). CS chains are the 
major GAG attached in both PGs in HCC. The ratios of 
uronic acid to protein for versican and decorin in the 
diseased tissue (0.40 and 0.15, respectively) were markedly 
decreased ( ~ 40%) as compared to those of normal tissue 
(0.65 and 0.25, respectively). Additionally, in colon carci- 
noma, versican and decorin exhibited lower M;s ( ~ 30%) 
than in normal colon. Both of these observations suggest a 
poverty in GAG content of versican and decorin isolated 
from colon carcinoma. This is probably due to the reduced 
Mss of CS and DS chains and not to fewer GAG chains per 
core protein. Actually CS and DS found in cancerous tissue 
exhibited a similar magnitude decrease ( ~ 40—50%) in 
their hydrodynamic sizes (12 and 16 kDa, respectively) m 
comparison to those of normal colon (21—28 and 25—28 
kDa, respectively). Further structural modifications, con- 
cerning the sulfation patterns of both PGs, were also 
documented. In normal tissue CS/DS chains of versican 
and decorin are mainly composed of 4-sulfated disaccha- 
rides, whereas the sulfation profile of CS/DS chams is 
significant altered in the diseased tissue, showing a marked 
increase in the proportions of non- and 6-sulfated disac- 
charides. The latter one being the predominant type of 
disaccharide units in colon carcinoma. The reduced propor- 
tion of DS, a type of GAG containing iduronic acid, 1n the 
cancerous tissue may be explained by the presence of 4- 
sulfate units in low amounts in CS/DS chains, since the C-4 
sulfation is a prerequisite for the Cs epimerase that converts 
the glucuronic acid to iduronic acid [37]. 

Remarkable alterations in the biosynthesis of glycan 
moieties of (glyco)proteins and PGs have been also docu- 
mented during maturation of several tissues as well as in 
the development of malignancies [38—40]. In colon adeno- 
carcinoma, several genes involved in the biosynthesis of O- 
glycans are abnormally expressed, resulting to the synthesis 
of structural and antigenic altered O-glycans by cancer cells 
[40]. The sulfation pattern of GAGs is also suggested as 
key mediator of several biological events. It has been 
proposed [41] that the increase in the ratio of 6-sulfated 
chondroitin to 4-sulfated chondroitin represents a general 
phenomenon that is occurred in immature tissues, which 
containing proliferatmg and differentiated cells and it is 
suggested to influence some developmentally significant 
events such as cellular adhesion, migration and neurite 
outgrowth [42,43]. As shown by recent studies, the type 
and the sulfation patterns of versican and decorin present in 
the extracellular matrix is of great importance for the 
migration of the cells through the matrix. Perissinotto et 
al. [44] demonstrated that versican promotes the migration 
of neural crest cells, linmg their migratory routes and this 
function is mediated by both the core protein and the GAG 
side chains. Versican purified from the migratory routes of 


neural crest cells is primarily substituted with 6-sulfated 
chondroitin. The substitution of versican with DS chains is 
suggested to be responsible for the ‘repulsion-like’ effects 
exerted on the migration of neural crest cell. Identical 
effects have been also documented for aggrecan, the 
homologous PG of versican, which inhibits the migration 
of neural crest cells. In this inhibitory effect of aggrecan, 
keratan sulfate (KS) side chams may play central role 
[45,46]. Furthermore, Merle et al. [47] showed that decorin 
inhibits the migration of MG-63 osteosarcoma cells and 
this phenomenon is depended of both core protein and 
GAG chain and is differentially mediated by its GAG side 
chains. Particularly, it was demonstrated that decorm bear- 
ing DS chain was 20-fold more effective in inhibiting 
migration of cells than decorin bearing CS chains. 

The above described observations suggest that the spe- 
cific structural alterations of versican and decorin described 
in this study may influence the biology of cancer cells m 
colon carcinoma. The remarkable substitution of both PGs m 
the stroma of colon carcinoma with CS chains.and 6-sulfated 
disaccharides may contribute to the growth, proliferation and 
mugration of cancer cells through a mechanism similar to that 
observed in neural crest and osteosarcoma cells migration. 
Further studies to demonstrate the functional relevance of the 
alterations observed in the biosynthesis of versican and 
decorin in colon carcinoma are under progress. It is becom- 
ing important to clarify the possible relation of the modified 
glycanation of the extracellular matrix PGs with the cancer 
cells proliferation and migration. 
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Abstract 


We examined the effect of imipramine (a tricycle antidepressant drug) on hydroxyl radical (* OH) generation induced by 1-methy]-4- 
phenylpyridintum ion (MPP ^) in extracellular fluid of rat striatum, usmg a microdialysis technique. Imipramme enhanced the formation 
of *OH trapped as 2,3-dihydroxybenzoic acid (DHBA) induced by MPP * (5 mM). Introduction of umpramme (0.1, 0.5 and 1 0 mM) 
dose-dependently increased the level of dopamine (DA) release. Concomutantly, imipramine enhanced DA efflux and the level of DHBA 
induced by MPP *, as compared with MPP * -treated control. When corresponding experiments were performed with reserpinized rats, 
there were small increases m the levels of DA and nonsignificant increase m the formation of DHBA. When iron (IT) was administered to 
imipramine (1 mM)-treated animals, a marked elevation of DHBA was observed, compared with MPP * -only treated animals. A positive 
linear correlation was observed between iron (II) and DHBA (R? 0.985) in the dialysate. These results indicate that imipramine enhances 
generation of *OH induced by MPP* durmg enhanced DA overflow. 


© 2002 Elsevier Science B.V All rights reserved. 
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1. Introduction 


Various antidepressant drugs have been developed and 
their antidepressive effects have been observed in animal 
model [1]. It has been demonstrated that tricyclic antide- 
pressant drugs inhibit monoamine oxidase (MAO; EC 
1.4.3.4) in vitro [2-4]. MAO exists in two forms, form A 
(MAO-A) and form B (MAO-B), based on its substrate 
specificity and sensitivity to inhibitors [5,6]. MAO-A pref- 
erentially deaminates 5-hydroxytryptamine (5-HT), whereas 
MAO-B deaminates B-phenylethylamine (B-PEA). 1- 
Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) produ- 
ces a parkinsonian syndrome after its conversion to 1- 
methyl-4-phenylpyridinium ion (MPP*) by MAO-B in 
the brain (7,8]. It has been shown that MAO-A 1s the major 
enzyme responsible for the deammation of dopamine (DA) 
in the rat striatum [9]. Although there are many papers 
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showing that DA autoxidation and oxidative stress may be 
involved in Parkinson's disease [10—12], the etiology of 
Parkinson's disease still remains obscure. 

Autoxidation and MAO-dependent oxidation of DA can 
lead to the formation of reactive cytotoxic free radicals whose 
generation could be influenced by the antidepressants 
because these antidepressants could inhibit catecholamine 
uptake and MAO activities. We as well as others reported that 
MPP* induces a massive release of DA in the striatum, 
which leads to increased free radicals [11,13,14]. In dopami- 
nergic nerve cells, free radicals are mainly generated by MAO 
via deamination of DA and nonenzymatically by the autox- 
idation of DA [15]. The present study focuses on the effect of 
imipramine (tricyclic antidepressant drug) on hydroxyl rad- 
ical (- OH) generation induced by MPP * in rat striatum. 


2. Materials and methods 


2.1. Animals 


Adult female Wistar rats weighing 300—400 g were kept 
in an environmentally controlled room (20—23 °C, 50—60% 
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humidity, illuminated from 07:00 to 19:00) and fed food and 
water ad libitum. At the end of the experiments the rats were 
sacrificed using an overdose of anesthetic. All procedures in 
dealing with the experimental animals met the guideline 
principles stipulated by the Physiological Society of Japan 
and the Animal Ethics Committee of the Oita Medical 
University. 


2.2. Chemicals 


Imipramine hydrochloride was purchased from Ciba- 
Geigy (Takarazuka, Japan). MPP* was purchased from 
Research Biochemicals Inc., MA, USA. Sodium salicylate 
and its hydroxylated metabolites were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). All other 
chemicals were obtained from Wako Pure Chemical Indus- 
tries (Osaka, Japan). The two radiochemical substrates used 
in this study, 5-hydroxytryptamine binoxalate ([2-'^C]-5- 
HT; 1.48-2.22 Gbq/mmol) and B-phenylethylamine hydro- 
chloride ([ethyl-1-'*C]-B-PEA, 1.48-2.22 Gbq/mmol), 
were purchased from Dupont NEN (New England Nuclear) 
Products (Boston, MA, USA). In the case of reserpinized 
rats, reserpine (5 mg/kg; Daiichi Pharmaceutical, Japan) was 
injected intravenously into the rats 24 h before the experi- 
ments. 


2 3. Experimental protocol 


2.3.1. Assay of MAO activity 

The rats were killed by decapitation and the brains were 
quickly removed and homogenated in 10 ml of 10 mM 
phosphate buffer, pH 7.4, containing 0.32 mM sucrose 
solution. To examine the effects of imipramine on MAO 
activity in vitro, the enzyme was preincubated for 20 min at 
25 °C with imipramine (0.001 to 1.0 mM) before adding the 
substrates. Final concentrations of substrate (5-HT for 
MAO-A, and B-PEA for MAO-B) were 100 and 10 uM, 
respectively. The remaining MAO activity was measured by 
adding 20 ul of substrate solution and the mixture was 
incubated for 20 min at 37 °C. The reaction was stopped by 
adding 2 N HCl (200 pl). The reaction products were 
extracted with ethyl acetate-benzene mixture (1:1, v/v) 
saturated with water, and the radioactivity in the extract 
was measured using Beckmann LS-9000 scintillation coun- 
ter. The protein concentrations of the enzyme preparations 
were measured according to the method of Lowry et al. [16] 
using bovine serum albumin as a standard. The data were 
corrected using protein concentration, and expressed as 
percent, compared to control (100%). One hundred percent 
of MAO-A and -B activities were 0.072 + 0.03 and 
1.02 + 0.05 nmol/min/mg protein, respectively. 


2.3.2. Microdialysis experiments 

The rats were anaesthetized with chloral hydrate (400 
mg/kg, i.p.), and the level of anaesthesia was maintained by 
intraperitoneal injection of chloral hydrate (20 mg/kg). 


Ringer’s solution containing 147 mM NaCl, 2.3 mM CaCl2 
and 4 mM KCI, pH 7.0, was used for perfusion (1 ul/min) 
through a microdialysis probe into the striatum. The recov- 
ery rate of 0.1 uM DA was 20.8 + 0.9% at flow rate of 1 ul/ 
min. The microdialysis probe was pre-washed with Ringer's 
solution for at least 30 min prior to stereotaxical implanta- 
tion in the striatum (stereotaxic coordinates: AP: 1.0, R/L: 
2.5, H: — 7 mm from dura matter) [17]. Thereafter, sodium 
salicylate in Ringer’s solution (0.5 nmol/ul/min) was per- 
fused by a microinjection pump (Carnegie Medicine CMA/ 
100, Stockholm, Sweden) to trap -OH radicals [18,19] in 
the striatum, and basal levels of dihydroxybenzoic acid 
(DHBA) were determined during a definite period. Brain 
dialysate (1 ul/min) was collected every 15 min in small 
tubes containing 15 ul of 0.1 N HClO, to prevent amine 
oxidation and assayed immediately for DHBA by high- 
performance liquid chromatography with electrochemical 
(HPLC-EC) procedure [18—20]. The dialysate samples were 
promptly injected into an HPLC-EC system equipped with a 
glassy carbon working electrode (Eicom, Kyoto, Japan) and 
an analytic reverse-phase column on an Eicompak MA- 
5ODS column (5 um, 4.6 + 150 mm; Eicom). The working 
electrode was set at a detection potential of 0.75 V. 


2.4. Statistical analysis 

All values are presented as means + S.E. The signifi- 
cance of difference was determined by using ANOVA with 
Fisher's post-hoc test. A P value of less than 0.05 was 
regarded as being statistically significant. 
3. Results 


3.1. Effect of imipramine on MAO activity in vitro 


To determine the mechanism by which MAO activity 
was inhibited by imipramine, the effects of various concen- 
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Fig 1 Inhibition of MAO actrvity m rat brain by imipramme After 
incubation at 25 °C for 20 min with imipramine (0 001, 0.01, 01 and 1 
mM), MAO activities were determined using 100 uM 5-HT (closed circle) 
or 10 uM p-PEA (open circle) as substrate at 37 °C for 20 min. Values are 
expressed as percent control. The results are mean + S E. for five animals 
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trations of imipramine on MAO in rat brain homogenates 
were studied ın vitro using 5-HT and B-PEA as substrates. 
Imipramine (0.001, 0.01, 0.1 and 1 mM) mhibited both 
MAO-A and -B activities in a dose-dependent manner. 
When the brain homogenates were preincubated at 25 °C 
for 20 min with imipramine, the residual activity of MAO-A 
and MAO-B activities with 100 uM imipramine were 63% 
and 4%, respectively (Fig. 1). However, 1 mM imipramine 
completely inhibited both MAO activities. 


3.2. Effect of imipramine on OH generation induced by 
MPP* 


After a 60-min washout with pH 7.4 Ringer's solution, 
the striatum was mfused with MPP* (5 mM) for 15 min 
(total dose 75 nmol). When 1 mM imipramine was intro- 
duced into the dialysate, time-dependent changes in the 
level of DA and the formation of DHBA from -OH were 
monitored in the dialysates from rat brain after MPP * 
treatment. Although imipramme (1 mM) alone did not 
induced DA efflux, imipramine (1 mM) enhanced the level 
of DA induced by MPP ' (Fig. 2A). Introduction of imipr- 
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Fig 2 Effect of MPP” on the release of DA and the formation of *OH 
after imipramine treatment m the striatum of rats. After a 60-min washout 
with Runger's solution (pH 7 4), striatum was infused with MPP * (5 mM) 
for 15 min (solid bat, total dose, 75 nmol) to evoke the release of DA (A) 
Then, at 60 min after probe implantation, sodium salicylate (hatched bar, 
0 5 nmol/ul/min) was infused through the microdialysis probe for 90 min to 
trap * OH (B) Brain dialysates were collected every 15 mm m 0 1 N HCIO, 
and immediately assayed by an HPLC-EC. MPP * (open circle), MPP * and 
1 mM imipramine (closed circle), and no MPP ` (rectangle) were com- 
pared Values are means + S E for five animals Both the total DA efflux 
and DHBA formation elicited by imipramine were significantly elevated 
over that of MPP * alone group ( P <0 05 for MPP* alone vs MPP * and 
1 mM unipramine. ANOVA and Fisher's test) 
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Fig 3 Effect of MPP* on the release of DA and the formation of *OH 
after 1mipramine treatment by reserpinized rats Experimental conditions 
and symbols are the same as for Fig 2 


amine drastically enhanced MPP * -induced DA release with 
concomitant increase in * OH formation trapped as DHBA in 
the brain dialysate, compared with MPP * -only treated anı- 
mals. At 90 and 105 mm, imipramine significantly increased 
DHBA formation as shown in Fig. 2B (P«0.05). When 
corresponding experiments were performed with reserpi- 
nized rats, small increases m the level of DA (Fig. 3A) and 
nonsignificant increase ın the formation of DHBA were 
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Fig 4 Dose-dependent effects of imipramine on the level of DA ın the 
MPP ` -treated rat striatum The level of DA measured at 30—45 mm after 
application of various concentrations of imipramine (as indicated abscissa) 
(hatched column) are given as a percentage of the value measured just 
before application of imipramine Each column and vertical bar indicates 
mean + S.E The number in the parentheses indicates the number of 
animal * P <0 05 versus the level of DA immediately before application of 
imipramine (ANOVA and Fisher’s test) 
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Fig 5 Cumulative dose-response relationship between iron (II) and the 
formation of *OH products of salicylic acid with and without MPP * 
treatment Iron (ID and sodium salicylate (0 5 nmol/ul/min) were infused 
through the dialysis probe. Three different concentrations of iron (ID (2, 5 
and 10 uM) were infused through the probe placed in the imipramme (1 
mM)-treated rats, and the levels of DHBA were measured. The ordinate 
shows the cumulative level of DHBA output over 90 mm. MPP* (open 
circle), MPP* and 1 mM imipramine (closed circle), MPP* and no MPP* 
(rectangle) were compared Values are means + S E. for four animals 


observed (Fig: 3B). As shown in Fig. 4, imipramine (0.01, 
0.1 and 1.0 mM) dose-dependently increased the level of 
DA release. At 1 mM of imipramine, the increase in DA was 
statistically significant (P < 0.05, n — 5). To confirm whether 
the -OH generation was based on a Fenton-type reaction, 
iron (II) was infused through the dialysis probe. When iron 
(ID (2, 5 and 10 uM) was administered to MPP * -pretreated 
animals, iron (ID clearly produced a dose-dependent 
increase in the levels of DHBA, showing a positive linear 
correlation between iron (II) and - OH formation trapped as 
DHBA (8? —0.985) in the dialysate, as compared with the 
iron (ID-only treated group (Fig. 5). The data suggest that 
the effect of imipramine on * OH formation was based on the 
Fenton-type reaction. 


4. Discussion 


We have demonstrated that imipramine (a tricyclic anti- 
depressant drug) enhances generation of -OH induced by 
MPP ın the extracellular space of the striatum. Kt is known 
that tricyclic antidepressant drugs inhibited MAO activities 
and that, in vitro, these drugs are more potent inhibitors of 
MAO-B than MAO-A [3,4]. MAO is a bram enzyme that 
plays a role in the metabolism of various catecholamine. 
Both MAO-A and MAO-B activities in rat brain were 
inhibited by 1mipramine (Fig. 1). Kato et al. [21] reported 
that MAO inhibitor caused the accumulation of DA m the 
extracellular fluid. We previously reported [3] that the level 
of the oxidized DA metabolite DOPAC decreased following 
the administration of imipramine. This result indicates that 
imipramine increased the level of DA. MAO is one of the 


enzymes metabolizing various neurotransmitter monoamines 
[14]. If MPP * or its related compound(s) is responsible for 
inducing Parkinson disease, inhibition of MAO-B may lead 
to induce protective effect against -OH formation [22]. It 
was reported that the MAO-B mhibitors can diminish neuro- 
nal cell death [23]. In rat brain, MPP 1 is a more potent 
MAO-A inhibitor than MAO-B [24], and MAO-A is pre- 
dominantly responsible for striatal DA oxidation [21]. On the 
contrary, in human brain, MAO-B is responsible for DA 
oxidation [25,26]. The DA that accumulates in the extra- 
cellular fluid following administration of antidepressants can 
undergo autoxidation, which in turn leads (possibly by an 
indirect mechanism) to the formation of cytotoxic * OH free 
radicals. As shown in the present study, the antidepressant 
inhibited MAO activities m vitro. Antidepressant drugs have 
heretofore been considered effective in the treatment of 
depression because they inhibit the active uptake of amines 
in the presynaptic cells of the brain [27,28]. Imipramine is 
also potent inhibitors of DA reuptake. Regardless of their 
specific mechanisms of action, the consequence is increased 
extracellular levels of DA. This may explain the observed 
increase in * OH. Both nonenzymatic and enzymatic mecha- 
nisms may contribute to free radical formation induced by 
antidepressant drugs in the striatum in vivo. 

The concentration profile of the administered compounds 
m the surrounding interstitial space 1s unknown: in general, 
the extracellular concentration of a compound given through 
the probe would never reach the concentration in the 
dialysis probe. This 1s an unavoidable limitation of the 
microdialysis technique that should be kept in mind when 
interpreting the experimental data. Introduction of imipr- 
amine (1 mM) drastically increased the DA efflux and the 
level of DHBA induced by MPP” (Fig. 2). Although there 
are many reports about the effect of MPP* on -OH 
generation, the mechanism of -OH generation by MPP * 
is obscure. Free radical formation enhanced by MPP * in the 
striatum appeared to be dose-dependent and positively 
correlated with amounts of sustained DA overflow [13]. 
DA is known to be autoxidated 1n the presence of oxygen 
and transition metal [12,29]. When imipramine concentra- 
tion in the perfusate was increased, DA efflux was enhanced 
with concomitant increase in *OH formation. Our obtained 
data demonstrated that sustamed DA overflow elicited by 
imipramine in the striatum also led to enhanced MPP *- 
induced -OH formation. These data are consistent with the 
notion that DA autoxidation and sustained DA turnover can 
lead to free radical formation, whic! in turn causes oxidative 
damage in the iron-ennched nigial neuron during senes- 
cence and Parkinson's diseases [12,13]. This evoked DA 
overflow was enhanced by imipramine. The levels of DA 
and DHBA in reserpinized rats were drastically reduced, as 
compared with that of imipramine and MPP *-treated 
groups (Fig. 3). The results also suggest that the mechanism 
of imipramine and MPP * -induced -OH formation was via 
DA efflux. The present study demonstrated that imipramine 
increased *OH formation in the extracellular space of the 
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striatum with concomitant DA release. Therefore, imipr- 
amine increased the -OH formation trapped as DHBA. 
Moreover, to confirm whether the imipramine-evoked -OH 
generation in the MPP ` -treated rats was based on the 
Fenton-type reaction, the DHBA formation was measured 
in the presence of iron in imipramine- and MPP ` -treated 
rats. Iron (ID clearly produced a dose-dependent increase in 
the levels of DHBA (Fig. 5). This finding indicates that 
extracellular DA is needed for the observed effect of 
Fenton-type reaction. 

MPP* causes a sustained DA release into extraneuronal 
space, generating oxygen free radicals with extracellular DA 
autoxidation [11]. This could lead to the formation of -OH 
radicals, which may induce lipid peroxidation, protein cross- 
linking and DNA damage, mediated by base pair mutation 
[30]. If toxic species are being produced on Parkinson's 
disease, they would normally be inactivated by a variety of 
protective mechanisms, but the mechanisms, however, may 
be impaired in the substantia nigra of patients with Parkin- 
son's disease; reduced levels of, e.g., catalase and gluta- 
thione (GSH) [31]. The enzyme MAO is one of the enzymes 
metabolizing various neurotransmitter monoamines [14]. 
Among MAO-B inhibitors, L-deprenyl is widely used for 
the treatment of patients with Parkinson's disease. Inhibition 
of MAO-B may be involved in its protective effect [22], if 
MPP or related compound(s) is responsible for inducing 
Parkinson's disease. It 1s clear that MAO-B is responsible 
for the production of MPP *. Therefore, the MAO-B inhib- 
itors can diminish neuronal cell death [23]. 

DA is known to be autoxidized in the presence of oxygen 
and iron (ID, and to be converted to semiquinone, quinone, 
zwitteric 5,6-dihydroxyindoles and melanin [11]. The DA 
efflux was enhanced imipramine and MPP * administration. 
DA is known to undergo autoxidation in the presence of 
oxygen and iron (II) [13,29]. Normally, iron (III) is bound to 
endogenous chelators such as ADP and, in the absence of a 
significant amount of ferritin in the substantia nigra, could 
be chelated by melanin. Increased concentrations of DA 
could serve as the catalyst for the conversion of iron (III) to 
iron (ID by melanin and, in the presence of H203, results in 
further formation of -OH, depending on the environmental 
conditions [32]. The production of *OH in the presence of 
melanin is significantly greater when iron (IIT) is predom- 
inant [32], and is further demonstrated by the greater lipid 
peroxidation of rat cerebral cortex in the presence of iron 
(ID and higher DA melanin concentrations [33]. An 
enhanced generation of cytotoxic *OH radicals through 
DA accumulation could accelerate the MPP * -induced 
degeneration of nigral neurons. Accordingly, imipramine 
enhances generation of -OH induced by MPP* during 
enhanced DA overflow. 

In conclusion, a tricyclic antidepressant drug may play a 
key role in -OH formation by the release of DA from 
nigrostriatal nerves in the brain by the action of MPP *. 
The results in the experiment may be useful for elucidating 
the actual mechanism of free radical formation in the patho- 


genesis of neurodegenerative brain disorders including Par- 
kinson’s disease, Alzheimer’s disease and traumatic brain 
injuries. 
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Abstract 


Protein kinase C (PKC) is critical for T lymphocyte activation and proliferation, while nitric oxide synthase (NOS) may function both as 
an activator or inhibitor of T cell apoptosis. Both enzymatic acttvities were studied in T lymphoma cells in comparison to normal and 
activated T lymphocytes. Here we show a higher translocation of PKC in BW5147 lymphoma cells than in mitogen-stimulated T 
lymphocytes. Tumor cells overexpressed PKC ¢ isoform, while high levels of the PKC B isotype were found in mitogen-stimulated T 
lymphocytes. Moreover, tumoral T cells showed high NOS activity, almost undetectable in normal or stimulated T lymphocytes. PKC and 
NOS mhibitors or the intracellular delivery of an anti-PKC ¢ antibody diminished both NO production and proliferation ın tumor cells. 

These results suggest that atypical PKC š isoform expression and its association with NOS activity regulation would participate m the 
multistep process leading to BW5147 cell malignant transformation. 


2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


The knowledge of the signaling events that control 
cellular growth and differentiation is of paramount impor- 
tance to understand the mechanisms involved in malignant 
transformation. Particularly, in lymphoid cells, it has been 
suggested that deregulation of intracellular pathways partic- 
ipates in leukemic disorders [1]. Phosphorylation and 
dephosphorylation of protein substrates by kinases and 
phosphatases, respectively, play prominent roles in the 
transduction of signals from cell membrane receptors to 
the nucleus. Physiological activation of T lymphocytes 
leading to differentiation and proliferation involves a com- 
plex series of intracellular signaling events that is initiated 
by protein tyrosine kinases (TPK) activation. The biochem- 
ical cascade downstream includes increased hydrolysis of 
inositol phospholipids, mediated by phospholipase C (PLC) 
yl phosphorylation, which gives rise to inositol triphos- 
phate and diaciylglicerol (DAG). These second messengers, 
in turn, increase intracellular Ca?* concentrations and 
activate protein kinase C (PKC), respectively [2,3]. 


* Corresponding author. Tel: +54-11-4857-1434; fax +54-11-4856- 
2751. 
E-mail address: grace@cefybo.edu ar (G A Cremaschi). 


PKC represents a family of serine/threonine kinases that 
plays a central role in signal transduction as it is involved in 
the control of numerous cellular processes, such as prolif- 
eration and differentiation, as well as in carcmogenesis [4— 
6]. Although all PKCs require the lipid phosphatidylserine 
as a cofactor, differences in their structure and substrate 
requirements allowed isoform classification into three sub- 
classes: the conventional or classical PKCs (cPKC) (a, BI, 
BIL and y), which are Ca?* -dependent and activated by 
DAG and phorbol esters; the novel PKCs (nPKC) (6, e, m 
and 0), which can be activated by DAG and phorbol esters 
but are Ca?*-independent; and the atypical isoforms 
(aPKC) (£ and T/A), which are unresponsive to both Ca? * 
and DAG or phorbol esters [5]. The existence of such a 
large family of PKC isoenzymes, which exhibits different 
tissue distribution, subcellular localization and biochemical 
properties, suggests that individual PKC isoforms may play 
specialized roles in cellular functions. In many cases, PKC 
isoforms exhibit distinct and even opposing cellular effects 
[7,8]. A differential expression of PKC isozymes has been 
described for distinct hemopoietic Imeages [9] and their 
participation in determined cellular functions has also been 
assigned. In fact, modulation of x and B isoform levels was 
related to B lymphocyte differentiation [9] while particular 
activation of atypical PKC ¢ was demonstrated to participate 
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ın interleukin-2-mediated proliferation of T cells [10]. Also, 
PKC 6, an isoenzyme that was found predominantly in 
hematopoietic cells and skeletal muscle, was demonstrated 
to be expressed in T, but not in B lymphocytes, and played 
an important role in T lymphocyte activation as an essential 
component of the T-cell synapse [11,12]. 

On the other hand, nitric oxide (NO) is a physiologically 
important signal molecule in many cells and tissues, regulat- 
ing a variety of biological functions, including immune 
processes [13]. The role of NO in the control of cell growth 
is controversial since both stimulation and inhibition have 
been demonstrated [14]. Also, NO exerts contrasting effects 
on apoptosis, depending on its concentration, flux and cell 
type, having, in some situations, an apoptotic effect while 
protecting cells against spontaneous or induced apoptosis in 
other [15]. The redox state of the cell seemed to be crucial for 
the ultimate action of NO on cell multiplication and survival. 
A protective antiapopatotic effect 1s commonly related to the 
endogenous NO production through NO synthases (NOS) 
and is frequently observed in lymphoid cells from B origin 
[16,17]. Cells from a wide variety of malignancies have a 
decreased ability to undergo apoptosis in response to some 
physiological stimuli and inhibition of apoptosis can result in 
the expression of cells with increased susceptibility to sub- 
sequent malignant transformation [1,18]. Furthermore, pro- 
duction of NO, as well as expression of different NOS 
isoenzymes, both at the protein and mRNA level, were 
demonstrated to be related to PKC activity in several cell 
types including tumor cells [19,20]. Production of NO 
downstream PKC was demonstrated to be induced by 
immunopotentiators-in splenic lymphocytes [21]. 

The present study was undertaken to analyze PKC 
activity and isoenzyme expression and their relationship 
with NO production in a T lymphoma cell line. Also their 
contribution to cellular proliferation was analyzed. All these 
studies were performed in comparison to normal unstimu- 
lated and mitogen stimulated T cells. Here we report that 
tumor T cells show significantly higher levels of PKC ¢ and 
increased NOS activity than resting or mitogen-stimulated 
normal T lymphocytes. Intracellular delivery of PKC ¢ 
isoform-specific antibodies results in a decrease of both 
proliferation and NOS activity in tumor T cells. The 
implications of these results in neoplastic transformation 
are discussed. 


2. Materials and methods 
2.1. Cell suspensions and culture conditions 


The tumor cell line BW5147 (a generous gift from Dr. A. 
Schimpl, Institute für Virologie und Immunobiologie der 
Universitat Wiirzburg, Germany) is a T cell lymphoma that 
expresses H-2* haplotype, CD3* and aß T cell receptor, as 
tested routinely by flow cytometry with specific antibodies 
against the corresponding surface markers. These cells were 


cultured at an optimal concentration of 1—5 x 10° cells/ml, 
in RPMI 1640 medium (GIBCO BRL) supplemented with 
10% fetal calf serum (FCS), 2 mM glutamine and antibiotics, 
with twice-weekly splitting once they have reached expo- 
nential growth. Where indicated, synchronized (kept for 24 h 
in FCS-deprived medium) BW5147 cells were used. 

Aseptically prepared lymphoid cell suspensions from 
C3H (H-25) inbred mice lymph nodes were obtained from 
nylon wool purification of T cells as described before 
[22,23]. T cell purification was higher than 97% as checked 
by lysis with anti-Thy plus complement and by indirect 
immunofluorescence. Cells, at a concentration of 1 x 10° 
cells/ml, were cultured in the same medium as tumor cells, 
alone or in the presence of 2 ug/ml of concanavalin A (Con 
A), as previously described [22]. 

Cells were settled at a final volume of 0.2 ml in 96-well 
flat-bottom microtiter plates (Nunc™) for microcultures or 
were kept in 1-25 or 1-75 culture flasks (Corning, NY) for 
macrocultures. Cells were cultured for different times and 
inhibitors were added at the beginning of the culture where 
indicated. 


2.2 Proliferation assays 


Proliferation was evaluated on microcultures and con- 
trolled in 0.2-ml aliquots of macrocultures established for 
enzymatic assays. 

The proliferation kinetics of BW5147 cells was deter- 
mined on BW5147 synchronized cells after re-culturing 
them m FCS-rich medium. Cells were pulsed with [^H]thy- 
midine ([7H]TdR, NEN, 20 Ci/mmol) for the last 6 h of 
incubation, as described before [22]. Results are expressed 
as dpm values in experimental cultures subtracting the dpm 
control values obtained on BW5147 synchronized cells. The 
percentage of inhibition (% inh) for experimental cultures 
performed in the presence of inhibitors was calculated as: 


% inh 
- h _ dpm BW5147 cells + mhibitor — dpm M 
dpm BW5147 cells — dpm control 
x 100 


For Con A-stimulated T lymphocytes, cultures were 
pulsed with PH]TAR as indicated for BW5147 and cultures 
of unstimulated cells were used as controls. The action of 
inhibitors upon Con A-stimulated T cells was evaluated as 
indicated for BW5147 cells. 

It is worth noting that inhibitors alone do not signifi- 
cantly modify either the basal control values of BW5147 
(synchronized BW5147 cells) or the unstimulated cultures 
of normal T lymphocytes. 


1 


2.3. PKC assay ' 


i 


Synchronized BW51457 cells (0.5 x 10’ cells/sample) 
were re-cultured for different times in FCS-rich medium 
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alone or in the presence of the indicated drugs and were 
immediately frozen in liquid N2. Normal or Con A-stimu- 
lated T cells (1 x 107 cells/sample) were incubated alone or 
with inhibitors for the indicated times and processed as 
tumor cells. PKC was purified from total cell extracts or 
from subcellular fractions as previously described [24]. PKC 
activity was assayed by measuring the incorporation of ?P 
from [y-**P]-ATP into histone H, [24]. Incubations were 
conducted in a final volume of 85 ul at 30 °C for 30 min. In 
the final concentrations, the assay mixture contained 25 uM 
ATP (0.4 uCi), 10 mM Mg acetate, 5 mM Q-mercaptoetha- 
nol, 50 ug of histone H;, 20 mM HEPES, pH =7.5, 10 ug/ml 
of phosphatidylserine vesicles and in the presence or absence 
of 0.2 mM CaCl. The incorporation of [°*P]-phosphate into 
histone was linear for at least 30 min. The reaction was 
stopped by the addition of 2 ml of ice-cold 5% trichloroacetic 
acid with 10 mM H3PO.. The radioactivity retained on GF/C 
glass fiber filters after filtration’ was determined by counting 
the filters in 2 ml of scintillation fluid. PKC activity was 
determined after subtracting the **P-incorporation in the 
absence of Ca”* and phospholipids. Data were expressed 
as picomoles of phosphate incorporated into the substrate per 
minute and per 10" cells (pmol/min/10’ cells). The selective 
PKC substrate peptide, MBP(4—14) [25] (GIBCO BRL), 
was also used to measure PKC activity purified from sub- 
cellular lymphoid fractions, following the instructions of the 
PKC assay system from GIBCO BRL. PKC specificity was 
confirmed by the PKC pseudosubstrate inhibitor peptide 
PKC (19-36) provided by GIBCO BRL. 


2.4. NOS activity determination 


NOS activity was measured by production of [U-14C]- 
citrulline from [U-'^C]-arginine [26]. Briefly, cells were 
incubated in 500-11 RPMI-1640, in the presence of [U-'^C]- 
arginine (0.5 Ci). After incubation, cells were disrupted by 
sonication (Vibra-cell, Sonics and Materials) in a medium 
containing 10 mmol/l EGTA, 0.1 mmol/l citrulline, 0.1 
mmol/l dithiothreitol and 20 mmol/l HEPES, pH 7.5. After 
centrifugation at 20,000 x g for 10 min, supernatants were 
applied to 2-ml columns of Dowex AG 50WX-8 (sodium 
form, Bio-Rad) and [U- ^C]-citrulline was eluted with 3 ml 
of water and quantified by liquid scintillation counter. 


2.5. Immunoblot cnalysis of PKC isoenzymes 


Samples of whole cell lysates from tumor and normal T 
lymphocytes were prepared by dissolving cellular pellets in 
SDS-sample buffer (2% SDS, 10% (v/v) glycerol, 62.5 mM 
Tris-HCl, pH 6.8, 0.2% bromophenol blue, 1% (v/v) 2- 
mercaptoethanol) at a final concentration of 10 mg/ml. 
Equal amounts of proteins were separated by SDS-PAGE 
on 10% polyacrylamide gels and transferred to nitrocellu- 
lose membranes. Where indicated, cytosol and particulate 
fractions of unstimulated or stimulated’ cells, obtained as 
described by Meller et al. [27], representing 2 x 10° cell 


equivalents per 10 ul and supplemented with 2.5-ul 5 x 
SDS sample buffer, were analyzed by SDS-PAGE and 
immunoblotted, as above. 

Nonspecific binding sites in nitrocellulose membranes 
were blocked with blocking buffer (596 nonfat dried milk, 
containing 0.1% Tween-20 in 100 mM Tris-HCl, pH 77.5 
and 0.9% NaCl) for 1 h. The nitrocellulose was subse- 
quently incubated with protein G-purified anti-peptide anti- 
bodies to specific PKC isoforms for 18 h. Anti-PKC 
isoenzyme specific antibodies from GIBCO BRL are poly- 
clonal antibodies raised against specific peptides from each 
isoenzyme. The a-, B- and y-specific antibodies were raised 
against the peptides corresponding to amino acids 313—326, 
313—329 and 306—318, respectively, derived from murine 
cDNA sequences. The 6-, £- and -specific antibodies were 
raised against C-terminal peptides corresponding to amino 
acids 662—673, 726—737 and 577—592, respectively. The 
anti-PKC 0 antibody (C-18, from Santa Cruz Biotechnolo- 
gies) specific for an epitope mapping at the carboxy 
terminus of nPKC 0 of mouse origin was also used. 
Negative controls were incubated in the presence of immu- 
nogenic peptides at a concentration 2 ug/ml antibody to 1 
ug/ml peptide. The membrane was then incubated with a 
monoclonal anti-rabbit IgG alkaline phosphatase conjugate 
(Sigma Chemical Co.) for 1 h. Immunoreactive bands were 
visualized using nitroblue tetrazolium (NBT) and 5-bromo- 
4-chloro-3-indolyl-phosphate (BCIP). As molecular weight 
markers, a Full Range Rainbow (Amersham Pharmacia) was 
used. Anti-actin antibody (rabbit polyclonal, against actin of 
human origin, but cross-reactive to mouse actin, from Santa 
Cruz Biotechnol.) was used as a control for protein loaded. 
Densitometric analysis was performed by UN-SCAN-IT 
(version 5.1, Silk Scientific Corporation) software. Densito- 
metric values of actin (arbitrary units) for each gel were 
normalized relative to each other and PKC densitometry 
values (arbitrary units) in each lane were divided by the 
corresponding normalized actin value. 


2.6. Intracellular delivery of anti-PKC Ç antibody in normal 
and tumor T cells 


Anti-PKC Ç antibody against the C-terminal region of 
PKC (GIBCO BRL) was introduced into normal or 
BWS5]47 tumor T cells after permeabilization with lysole- 
cithin as described [28]. Briefly, BW5147 cells were equi- 
librated in 7% FCS-containing medium for 24 h. Normal 
cells or tumor cells, cultured as indicated, were washed with 
serum-free medium and 0.1-ml glycerol in PBS at 37 °C 
was added. After 6 min on ice, 4 pl of a 1 mg/ml 
lysolecithin (Sigma) solution in water was added, and the 
incubation continued for an additional 5 min. Cells were 
then brought to 37 °C and 0.1 ml of a dilution of antibody 
(alone or preincubated with 3 X concentration of the cor- 
responding peptide) was added. After 10 additional minutes 
at.37 °C, during which the cells reseal, 0.1 ml of medium 
containing 21% FCS was added. Cells were brought back to 
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Fig. 1. Effect of different enzymatic and calcium blockers on Con A- 
stimulated and tumor T cell proliferation. Purified T lymphocytes were 
prepared aseptically following the indicated procedures and stimulated with 
Con A (2 pg/ml), for 72 h (C). Cells were cultured in the absence (basal) or 
presence of the drugs mentioned above. BW5147 synchronized cells (E 
were incubated for 24 h in FCS-rich medium alone (basal) or with the 
indicated blockers. The following blockers, added at the beginning of 
culture, were used: genistein (GEN) (30 pg/ml, NCDC (10 uM). 
staurosporine (STAU) (0.1 uM), GF109203X (GF) (0.1 or 10 uM), 
verapamil (VER) (0.1 mM) and L-NAME (L-NA) (5 mM:. Proliferation 
was evaluated by [H]TdR incorporation. Percentage of inhibition of 
cellular proliferative activity, calculated as described in Materials and 
methods, is shown between brackets. Results shown are the mean + SD of 
three independent experiments performed in triplicate. * Differs signifi- 
cantly from the corresponding basal value with at least P<0.01. “Differs 
significantly from the other values of BW5147 cells with at least P < 0.05. 








the 7% FCS-containing medium. Incubations were contin- 
ued for 72 h, in the presence of 2 ug/ml Con A, for normal T 
cells or 24 h for BW5147 cells. Control untreated cells were 
submitted to the same permeabilization schedule than intra- 
cellular antibody-delivered cells. Proliferation was eval- 
uated by ['H]TdR incorporation by adding the radioligand 
substrate 6 h prior to culture finalization. NOS enzymatic 
activity was evaluated immediately upon the ending time of 
incubation, as indicated before. 


2.7, Drugs 


The following drugs were used in cultures at the final 
concentrations indicated in Results. The protein kinase 
inhibitors staurosporine, the selective PKC inhibitor GF- 
109203X (bisindolylmaleimide), the PLC blocker 2-nitro-4- 


carboxyphenyl-N,N-diphenylcarbamate (NCDC) and the 
TPK inhibitor genistein (all from Sigma) were dissolved 
in DMSO. N^-Nitro-L-arginine methyl ester (L-NAME) 
(RBI, USA) was dissolved in water. Stock solutions were 
freshly prepared before use. All drugs were further diluted 
(at least 1:1000 or more) in RPMI 1640 medium to achieve 
the concentrations indicated in Results. 


2.8. Statistical analysis 


The Student's t-test for unpaired values was used to 
determine the levels of significance. When multiple com- 
parison were necessary after analysis of variance, the 
Student- Newman Keuls test was applied. Differences 
between means were considered significant if P x 0.05. 


3. Results 


3.4. Blockers of intracellular pathways involved in T 
lymphocyte activation displayed different actions on mito- 
gen-stimulated and tumor T cell proliferation 


In order to analyze differences in the enzymatic intra- 
cellular pathways involved in both mitogen-induced and 
tumor T cell proliferation, the effect of TPK, PLC, PKC and 
caicium blockers was analyzed. As shown in Fig. 1. the 
bleckade of TPK by genistein, at a dose that has no effect on 
ceilular viability; PLC by NCDC or PKC by either staur- 
osporine or the more selective GF109203X inhibit both 
normal and tumor cell proliferation. It is worth noting that 


+ 
41 


—' 


had 
oS 








| 
| 
| 
| 
| 


PKC activity (pmol/min/10 ' cell) 
M cM 








TN BW5147 


Fig. 2. Calcium dependence of PKC total activity in normal and tumor T 
celis. PKC total activity was purified from normal T lymphocytes (TN, 
white bars) or tumor BW5147 cells (gray bars) and was measured, in the 
presence (open bars) or in the absence of Ca?" (dashed bars), using the 
substrate MBP (4-14), as described in Materials and methods. Results 
shown are the mean + SD from four independent experiments performed in 
duplicate. * Differs significantly from the corresponding basal value with 
P«0.01. 
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GF109203X is a potent inhibitor of cPKC (IC50 = 0.01— Ca^ ' 
0.02 uM), but a weak inhibitor of nPKC (IC5020.1—0.2 
uM) or aPKC (1C30 for PKC ¢=6.0 uM) [7]. So, the fact 
that this blocker exerted a significant higher effect at 10 uM 
than 0.1 uM concentration could be related to the different 
IC50 s. Furthermore, the calcium blocker verapamil, 
although efficiently inhibiting Con A-stimulated prolifera- 
tion, had little effect on T lymphoma cell growth. 

To assess the role of cell-specific pathways for NO in 
normal and tumor cells, the action of the NOS competitive 
blocker, L-NAME. was also determined. Fig. | also shows 
that L-NAME was able to abrogate tumor, but not normal, T 
cell proliferation. 


using the specific PKC substrate, MBP (4—14) pep- 
tide. As shown in Fig. 2, total PKC activity was higher in 
tumor than in normal T cells, and it was unaffected in the 
absence of Ca^ '. In normal T cells a decrease of approx- 
imately 43% was observed in the absence of C a. 

To analyze differences in PKC translocation to plasma 
membrane, related to cellular proliferation in both normal 
and tumor T lymphocytes, PKC enzymatic activity was 
measured on both soluble and particulate fractions from 
mitogen-stimulated normal and tumor T cell, at different 
times during the kinetics of proliferation. For this purpose 
BW5147 synchronized cells were induced to proliferate by 
re-culturing them in FCS-rich medium. Resting normal T 
lymphocytes were activated by Con A in vitro as indicated 
before. As shown in Fig. 3 and in accordance to Fig. 2, total 
PKC activity was higher on synchronized tumor (basal) than 
in normal T cells. Within 15-min exposure to FCS, 
To compare PKC activity on both normal and tumor cells synchronized BW5147 cells displayed an early and signifi- 
and to evaluate the balance between calcium-dependent and 


independent PKC isoforms, enzymatic activity was meas- 
ured on whole cell extracts in the presence or absence of 


3.2. PKC and NOS activities in normal, activated and tumor 
T cells 


cant increment in membrane PKC activity that was accom- 
panied by the decrease in cytosolic PKC (Table in Fig. 3). 
The increment in phosphorylated substrate was observed 
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Cell type Treatment PKC? Proliferation” 
(pmol/10? cell) (dpm) 
Cytosol / Membrane 
io 127 + 0.8 / 2.3 + 0.5 1034 x 108 
T Normal 
Con A 6.1 20.2/ 7.4 € 0.75. 137524 z 9370* 
Without FCS.—. 29.4 2.9 /4.5 + 0.5 1209 + 235 
BW5147 I 
With FCS 4.0 = 0.4/26.7 x 1.8** 51875 + 4612* 





Fig. 3. PKC activity ard proliferation of normal, mitogen-stimulated and tumor T cells. Panel A: Normal T lymphocytes were kept in culture alone (basal) or in 
the presence of Con A. (2 ug/ml) for the indicated times. Proliferation (curve) was evaluated by ['H]TdR incorporation, in 0.2-ml aliquots of macrocultures 
established for enzymatic PKC activity determination. Results shown are the mean + SD of three independent experiments performed in triplicate. PKC 
activity in membrane fractions was determined using MBP (4-14) as described in Materials and methods and percent of total (cytosol + membrane) PKC 
activity (bars) from the three experiments performed in duplicate were calculated. Panel B: BW5147 cells. synchronized by 24-h culture in FCS-deprived 
medium, were recultured in FCS-rich RPMI 1640 medium as indicated before. Proliferation (curve) was evaluated by 6 h lasting pulses of DHITdR, as 
indicated in panel A, on BW5147 synchronized (without FCS, basal) and after resetting them in FCS-rich medium for the indicated times. Results shown are 
the mean + SD of three experiments performed in triplicate. Percentages of total PKC activity corresponding to membrane purified fractions determined as in 
Panel A are shown in the bar grapaic. 

A summary of both PXC activity (mol/ 107 cells) and proliferation (dpm) is shown in the adjoining table. (a) PKC activity values from purified cytosol and 
membrane fractions corresponding to basal or 15 min treatment with Con A (normal T cells) or with FC S-rich medium (BW5147 cells) are shown. Results are 
the mean + SD of three experiments performed in duplicate. (b) Mean dpm + SD of Ü H]TdR incorporation corresponding to basal or to the peak of 


proliferation (72 h for Con A-treated T lymphocytes or 14 h for BW5147 cells). * Differs from basal values with at least P« 0.01. * “Differs from basal values 
and from Con A-stimulated T cells with at least P «0.01. 
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both when using histone H, (data not shown) or the specific 
PKC peptide MBP (4—14). This membrane PKC activity 
diminished but stayed higher than basal values after the 
peak of proliferation. It is worth noting that expcnentially 
growing BW5147 cells displayed similar values for total 
PKC activity, with most of this activity (80-90%) in 
membrane fractions. 

On the other hand, mitogenic stimulation of resting 
normal T lymphocytes also induced an early translocation 
of PKC (within 15 min), but to a lesser extent to that found 
in tumor cells. Membrane PKC returns to basal levels after 
the peak of proliferation. 

With respect to NOS activity, we found very low levels 
in normal T cells (Fig. 4), with a slight nonsignificant 
increase upon physiologic activation. On the contrary, 
BW5147 cells showed an important basal NOS activity, 
which was blunted by L-NAME (Fig. 4); an effect that was 
reverted by L-arginine (data not shown). To analyze the 
relationship between high PKC and NOS activities in 
BWS5S147 cells, the effect of PKC blockers on NOS was 
also determined. As can be seen in Fig. 4, both stzurospor- 
ine and GF109203X in high doses were able to inhibit, 
similarly, NOS activity in tumor cells. 


3.3. PKC isoform expression in mitogen-activated and 
tumor T cells 


In order to asses that differences in PKC activity could 
be related to distinct isoenzyme expression, PKC isoform 
profile was analyzed on both tumor and resting or mitogen- 
stimulated T cells by Western blot analysis. The expression 
of cPKC a and p, nPKC ô, @ and e, and the atypical PKC 
& isoform in lysates from naive or Con A-stimulated T cells 
and exponentially growing BW5147 cells was measured. A 
representative plot of the levels of PKC isoenzymes in the 
different cell types is shown in Fig. 5 (Panel A). As can be 
seen, resting T cells express the cPKC a and p and the 
nPKC 80, but not y (data not shown) isoform with barely 
detectable amounts of PKC 6 and ý. As an example of 
PKC translocation upon cellular activation, within 15 min 
of mitogenic stimulation, membrane levels of cPKC p 
isoform were increased in membrane fractions (Fig. 5, 
Panel B). Also, after 72 h of Con A treatment, a siznificant 
increase in levels of cPKC a and B was observed. On the 
contrary, exponentially growing BW5147 cells showed 
only vanishing amounts of the p isoform and an increased 
expression of PKC ¢ (Fig. 5, Panel A). Whereas ‘evels of 
a, y, 5 and £ isoforms were identical to those found in 
activated normal T lymphocytes of the same H-2 haplotype 
(Fig. 5A), expression of the 0 isotype was not found. It is 
worth noting that all the bands were detectec at the 
positions corresponding to PKC isoenzymes from T lym- 
phoid cells previously described [29]. PKC ¢ translocation 
to the particulate fraction was obtained upon 15-min 
stimulation of synchronized BW5147 cells with FCS 
(Fig. 5, Panel B). 
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Fig 4. NOS activity in normal, mitogen-stimulated and tumor T cells, Panel 
A: NOS activity was measured by the conversion of ["C]-arginine to [^c] 
citralline as indicated in Materials and methods in normal T lymphocytes 
(<>, basal or Con A-stimulated for 48 or 72 h, or BW5147 (Ez) cells. 
Panel B: Effect of the PKC blockers, staurosporine (Stau, 0.1 uM) or 
GF 09203X (GF, 10 uM) and the NOS blocker, L-NAME (5mM), on 
BW5147 cells incubated alone (Basal) or in the presence of the indicated 
blocker concentrations for 24 h is shown. Results are the mean + SD of 
n= 3 experiments. * Differs significantly from basal values with at least 
P«2308. 


3.4. Effect of the intracellular delivery of anti-PKC ¢ 
iso*orm antibody on BW5147 proliferation and NOS activity 


In order to determine the involvement of PKC ¿ç in the 
high proliferative rate and NOS activity from tumor T cells, 
the effect of intracellular delivering of a specific antibody 
agcinst the C-terminal region of PKC Ç, was assessed. Anti- 
PKC ¿ç antibody (Fig. 6) was able to diminish, in the 
cor.centrations tested, both proliferation and NOS activity 
in BWS147 cells, but not in normal activated T lympho- 
cytes. It is worth noting that no differences from basal 
valies with dilutions higher than 1:500 (data not shown) 
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Fig. 5. PKC isotype expression in normal (TN), Con A-stimulated (TN-Con A) or BW5147 T cells. Panel A: The data show the Western blot analysis of PKC 
a, B, 0, à, £ and Ç isotypes. Speciticity of anti-PKC antibodies was assessed by performing Western blot analyses in the absence ( — ) or presence (+) of the 
corresponding peptide against which the antibodies had been raised. Results, corresponding to TN, TN-Con A (culturing time 72 h) and BW5147 total cells, are 
representative of seven independent experiments. Anti-actin antibodies were tested on same samples used for PKC isoform analysis as control for protein 
loading in three of these experiments. Also, PKC levels for each isoenzyme (bar graph) were calculated in relation to the expression level of actin in the same 
sample as described in Materials and methods. Results shown are the mean + SD of n 73 experiments. Statistic analysis was performed within each isoenzyme 
group. * Differs significantly from TN and BW values with at least P « 0.01. "Differs significantly from TN and TN-Con A values with at least P « 0.001, Panel 
B: Subcellular distribution of PKC p and Ç isoenzymes in normal and tumor T cells, respectively, upon cellular activation. Freshly isolated T lymphocytes or 
synchronyzed BW5147 cells were either left unstimulated ( — ) or stimulated (+) with Con A (2 pg/ml) or FCS (10%), respectively, for 15 min. Cytosol and 
membrane fraction of 2 x 10° cell equivalents were analyzed by SDS-PAGE followed by immunoblotting with the indicated antibodies. Arrows indicate the 
position of the corressonding PKC protein bands. The relative intensity of the different PKC bands was quantitated by densitometry and the percentage of the 
membranal PKC out of the sum of cytosolic plus membranal PKC was calculated in each case and represented in the bar graph. It is worth noting that both 
Western blots and the bar graph are one representative out of three experiments. 
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Fig. 6. Effect of intracellular delivery of an anti-PKC Ç antibody on cellular 
proliferation and NOS activity. Pane! A: BW5147 cells were permeabilized 
with lysolecithin and incubated in the absence or presence of different 
dilutions of the anti-PKC ¢ for 10 min and resealed. A&er 24 h of 
incubation, cellular proliferation was assessed as described before. Panel B: 
both normal or tumor cells were permeabilized, as indicated in panel A, and 
incubated in the absence or presence of anti-PKC Z antbody (in a 
concentration 1:200) or anti-PKC ¢ plus PKC Z peptide (1:3). After 
resealing, BW5147 cells were incubated for 24 h and normal cells were 
stimulated with Con A (TN-Con A) for 72 h. Proliferation and NOS activity 
were measured as described. Results shown are the mean + SD of three 
independent experiments. * Differs significantly from the cerresponding 
basal (none) values with at least P « 0.05. 





were found in tumor cells. These effects were biunted by 
pretreatment of the antibody with the specific immunogenic 
Ç peptide (Fig. 6). 


4. Discussion 


Both PKC and NOS activities play important rcles in the 
regulation of cellular functions. In this work the involve- 
ment of these enzymatic pathways in the proliferation of a T 
lymphoma cell line was studied in comparison to normal 
and mitogen-stimulated T lymphocytes. Tumor BW5147 
cells exhibit higher total PKC activity and membrane PKC 
translocation than normal or mitogen-stimulated T cells. In 
normal T lymphocytes, PKC activity was diminished in the 
absence of calcium, while it was almost unmedified in 
tumor cells, thus pointing to a prevalence of calcium- 


independent PKC isoform activity in tumor cells in compar- 
ison to normal lymphocytes. It is worth noting that the 
calcium blocker verapamil inhibits Con A-induced prolifer- 
ation of normal cells, but has not a significative effect in the 
preliferation of BW5147 cells. PKC inhibitors or blockers 
of the upstream signaling pathways, namely, TPK and PLC, 
are capable of inhibiting both mitogen-stimulated and tumor 
T cell proliferation. GF109203X, a potent inhibitor of cPKC 
but a weak inhibitor of calcium-independent isoforms, was 
able to efficiently block tumor cell proliferation at high 
doses, while equally inhibiting Con A-stimulated prolifer- 
ation at low and high doses. These results indicate that 
different PKC isoforms would have differential hierarchical 
participation in normal and tumor T cell activation. The 
higher PKC translocation observed in tumor cells with 
respect to the physiologic translocation induced by the 
mitogenic stimulus would point to the participation of this 
intracellular transduction mechanism in the sustained pro- 
liferation of BW5147 cells. In fact, a correlation has been 
proposed between PKC activity and the rate of cellular 
growth, as well as a parallelism between PKC inhibition and 
induction of cellular differentiation in lymphoid cells [4]. 

Several experimental evidences indicate that PKC iso- 
enzymes are localized in specific tissues and that different 
isoforms are related to lymphoid proliferation or differ- 
entiation [4,9,10], so the pattern of PKC isoenzymes was 
studied on both normal and tumor T cells. We found that 
normal and activated T lymphocytes display the calcium- 
dependent « and p PKC isoforms, as well as the nPKC 8, 
and detectable levels of £ and Ç, with no expression of the y 
isoenzyme. Similarly, Mischak et al. [9] found the expres- 
sion of mRNA encoding for a and p, but not y isoforms, 
with low levels of PKC £ and Ç, in resting murine T 
lymphocytes and a close correlation between protein expres- 
sion and mRNA levels. With respect to the 0 isoform, its 
expression and role in T cell activation was already dem- 
onstrated [27]. The expression of cPKC o and p, was 
progressively up-regulated by Con A stimulation and this 
correlates with cell proliferation. Several stimuli, including 
mitegens, were demonstrated to induce changes in T lym- 
phocyte PKC isoenzyme expression, both at protein and 
mRNA levels [30—32]. These changes were time- and cell- 
type-dependent. Thus, a decrease in PKC ß protein levels 
within 24 h of mitogen stimulation [30] and an earlier but 
transient loss of B and a PKC mRNA were described in 
murine thymocytes [31]. Despite this, Isakov et al. [32] 
demonstrate that mitogen stimulation of human mature T 
cells is followed by a four- to fivefold increase in PKC a 
and p, mRNA, peaking at 48 h and correlating with cellular 
proliferation, which is in agreement with our results. Differ- 
ences from the data of Strulovici [30] could be related with 
the distinct T cell populations studied. 

EWS5147 cells have barely detectable levels of the p 
isoform, with similar levels of a and Š isoforms, and no 
detectable levels of the y and 0 isoenzymes. Interestingly, 
we found an increased expression of the atypical calcium- 
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independent Ç isoenzyme. These results are in agreement 
with the fact that cellular proliferation is mainly calcium- 
independent in BW5147 cells, and PKC activity involves 
calcium-independent isoforms, as it was not modified in the 
presence of EGTA. Goodnight et al. [33] have described 
elevated expression of PKC ¢ in B lymphocytic neoplasms 
at both mRNA and protein levels. Also, a high expression of 
the B isoform has been related to accelerated leukemic cell 
differentiation [34], while final differentiation of B lympho- 
cytes into antibody-secreting plasma cells is accompanied 
by a loss in this isoenzyme [9]. Taken together, these facts 
and our results, it is possible that the increase in PKC B 
isoform observed during mitogenic stimulation of T cells 
would allow an efficient but limited activation, leading to 
differentiation to immune effector cells, while low levels of 
this isoenzyme, together with high levels of the ¢ isoform, 
would be responsible for the hyperproliferative pattern of 
BW5147 cell line. Ç 

On the other hand, the NOS blocker L-NAME impaired 
tumor, but not normal T cell proliferation. Also, BW5147 
cells exhibit high NOS activity, while a low basal activity 
was found in resting normal T cells, which was not 
increased by mitogenic stimulation. High NOS activity 
levels in tumor cells were blunted by L-NAME and were 
partially impaired by PKC blockers, thus indicating that 
PKC activity is, in part, responsible for NOS activity in 
BW5147 cells. High levels of endogenous NOS activity 
would allow the survival of tumor cells, protecting them 
from apoptotic mechanisms. Furthermore, intracellular 
delivery of an antibody directed to the most abundant 
PKC isoform in BW5147 cells, an anti-PKC ¢ antibody, 
not only diminished cellular proliferation, but also lowered 
NOS activity in tumor cells, with no effect on mitogen- 
activated T lymphocytes. Other authors have previously 
demonstrated that intracellular delivery of antibodies direc- 
ted to the C-terminal region of specific PKC isoforms are 
able to modify physiological functions of different cell types 
[28], including T lymphocytes [35]. In support to our 
results, overexpression of PKC š isoform was demonstrated 
to markedly increase the inducible NOS isoenzyme expres- 
sion in rat mesangial cells [36]. The fact that anti-PKC ¢ 
antibody was not able to completely abrogate NOS activity 
or proliferation of BW5147 cells indicates that probably 
other isoforms could be involved in these functions, but 
nevertheless, they point to a role for the PKC ¢ isoenzyme. 
Actually, PKC activation by phorbol esters, which activates 
cPKC and nPKC but not aPKC, was demonstrated to 
increase NOS expression and/or activity in several cell 
types [19,20,26,37]. 

Experimental evidence showed that aPKCs play impor- 
tant roles in controlling cell growth and survival [38]. In 
fact, it was demonstrated that PKC Ç is critical for mitogenic 
signal transduction in oocytes [39], while aPKC T was 
shown to protect human leukemic cells from drug-induced 
apoptosis [40]. Furthermore, Tsutsumi et al. [41] demon- 
strated the down-regulation of PKC ç RNA following cross- 


linking of membrane IgM on B lymphoma cells, and growth 
arrest and apoptosis were induced in a B cell line by cross- 
linking of surface immunoglobulin [42]. There are also 
evidences that endothelial NOS autocrine is able to protect 
T lymphocytes from apoptosis [43]. 

For the first time, shown here are evidences that strength- 
ened the crosstalk of PKC and NOS enzymatic pathways in 
T lymphoid cells and their participation in cellular prolifer- 
ation. Although further studies would be necessary to 
analyze the role of other isoforms, our results would indicate 
that hyperproliferation of BW5147 cells is related to PKC 
hyperactivity, with a major participation of calcium-inde- 
pendent isoenzymes and particularly of PKC ¢. This activity 
is in part responsible for inducing NOS activation that 
would protect BW5147 cells from apoptotic signals, con- 
tributing in this way to cellular survival. Our findings also 
suggest that the PKC ¢ member of the PKC multigene 
family participates in the multistep process of BW5147 cell 
growth, leading to the malignant phenotype. 
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Abstract 


The Wilson disease (WD) protein (ATP7B) is a copper-transporting P-type ATPase that is responsible for the efflux of hepatic copper into 
the bile, a process that is essential for copper homeostasis in mammals. Compared with other mammals, sheep have à variant copper 
phenotype and do not efficiently excrete copper via the bile, often resulting in excessive copper accumulation in the liver. To investigate the 
function of sheep ATP7B and its potential role in the copper-accumulation phenotype, cDNAs encoding the two forms of ovine ATP7B were 
transfected into immortalised fibroblast cell lines derived from a Menkes disease patient and a normal control. Both forms of ATP7B were 
able to correct the copper-retention phenotype of the Menkes cell line, demonstrating each to be functional copper-transporting molecules and 
suggesting that the accumulation of copper in the sheep liver is not due to a defect in the copper transport function of either form of sATPT7B. 


€» 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Copper homeostasis is important because copper is an 
essential trace element but is toxic in excess, so organisms 
require mechanisras to maintain intracellular copper at the 
required level [1]. In humans and other mammals, the liver 
is the major organ involved in the regulation of overall 
copper status, with excess copper being excreted from the 
body in the bile [2]. The importance of the biliary excretion 
pathway is illustrated by the human copper toxicosis dis- 
order Wilson disease (WD). Patients with this disease 
cannot excrete copper into the bile, resulting in hepatic 
copper accumulation and if untreated, fatal copper toxicosis. 
A second feature of most, but not all WD patients, is very 
low serum ceruloplasmin levels [3]. The gene that is 
defective in WD »atients encodes a copper-transporting P- 
type ATPase (ATP7B) [4-6]. ATP7B has two functional 
roles in copper homeostasis in the liver. The first is the 


` Corresponding author. Tel.: +61-3-9251-7329; fax: 461-3-9251-7328. 
E-mail address: jmercer@deakin.edu.au (J.F.B. Mercer). 


transport of copper into the lumen of the Golgi apparatus for 
incorporation into secreted copper-dependent enzymes, pri- 
marily ceruloplasmin [7]. The second role of ATP7B is the 
excretion of excess copper into the bile. This involves 
copper-induced trafficking of ATP7B from the trans-Golgi 
network (TGN) or late endosomic vesicles, to vesicles and 
the apical biliary canalicular membrane when copper is 
present in excess [8—10]. The dual roles of ATP7B may 
explain the heterogeneity in clinical features of patients 
presenting with WD, with different ATP7B alleles affecting 
either copper transport or intracellular location/trafficking of 
ATP7B [8]. Recently, a cell culture system was utilised to 
distinguish ATP7B variants in which copper transport was 
disrupted from those in which intracellular trafficking was 
impaired [11]. 

Sheep have a variant copper phenotype when compared 
with other mammals. The species is prone to copper 
deficiency due to the formation of copper-chelating thio- 
molybdates in the rumen [12]. However, sheep are prone fo 
copper toxicosis due to a reduced capacity to excrete copper 
in the bile. Unlike most mammals, the rate of biliary copper 
excretion is not responsive to copper intake [13]. Analogous 
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to WD patients, the intake of moderate dietary levels of 
copper can result in elevated hepatic copper concentrations, 
liver failure and death [14]. Unlike most WD patients, the 
level of copper and holoceruloplasmin in sheep plasma is 
similar to the normal human range [15]. We are investigat- 
ing the molecular basis of the sheep copper phenotype. In 
previous studies, we cloned the sheep A7P7B (sATP7B) 
cDNA, but did not find any obvious abnormality of struc- 
ture or expression that would suggest that sheep have a 
defect in ATP7B. However, we identified a novel form of 
the ATP7B cDNA which had an alternative N-terminal 
region, generated by alternate splicing [16]. The form 
corresponding to published ATP7B orthologues (normal 
sATP7B) encodes an 18-amino-acid N-terminal! sequence, 
which is replaced by a novel 79-amino-acid sequence in the 
alternate sATP7B protein. Both forms of sATP7B localise to 
the TGN and undergo copper-induced trafficking to a 
vesicular compartment when expressed in CHO cells [17]. 

In this study, we examined the copper-translocating 
activity of each form of sATP7B to determine i? the sheep 
copper phenotype might be related to alterations in this 
activity in either form of sATP7B. The copper transport 
function of both forms of sATP7B was examined in vitro by 
the generation of fibroblast cell lines from a Menkes disease 
patient and a normal control, which expressed cDNA- 
derived sATP7B. Although exogenously expressed ATP7B 
does not undergo copper-induced trafficking in this cell line, 
the copper transport function of introduced ATPases can be 
accurately assessed by measuring efflux of radiolabeled 
copper from the cell. Our results indicate that both forms 
of sATP7B correct the copper accumulation defect of 
Menkes patient fibroblasts and therefore are functional 
copper-transport proteins. 


2. Materials and methods 
2.1. Cell culture, constructs and antibodies 


The generation and characterisation of immortalised 
fibroblasts derived from a Menkes disease patient (Me32a- 
T22/2L) and control cell line (GM847) has been previously 
described. The Me32a MNK gene has a 4-base-pair (bp) 
deletion within exon 6, resulting in a prematurely terminated 
protein between metal binding sites 5 and 6, and complete 
loss of the protein as determined by Western blot utilising a 
polyclonal antibody directed against all six metal binding 
sites [18]. Cells were maintained at 37 ^C in basal medium 
(approximately | uM copper), which consisted of Eagle's 
basal medium (BME) (Trace BioSciences) supplemented 
with 2 mM L-glutamine, 0.2 mM proline, 1.2 mM NaHCO;, 
20 mM HEPES and 10% foetal calf serum (Commonwealth 
Serum Laboratories). The generation of the constructs 
pNORM and pALT, encoding the normal and alternate 
forms of sheep ATP7B cloned into a low-copy number 
mammalian expression vector was reported previously, as 


was the production, purification and characterisation of 
antibodies specific for each form of sheep ATP7B [17]. 


2.2. Cell transfection and expression analvsis 


The transfection of cells was performed essentially as 
described previously [17]. Briefly, stable transfection of 
cultured cells was performed with 20 yg of linear plasmid 
DNA and Superfect reagent (Qiagen) according to the 
manufacturer's protocols. Following 3 weeks of G418 
selection (Gibco, 400 pg/ml), resistant colonies were 
detached, expanded and maintained as a mixed population 
of G418-resistant cells. Approximately 60—80% of the 
G418-resistant population expressed sATP7B, as deter- 
mined by immunofluorescence analysis (see below). The 
transfected cell populations were routinely cultured in the 
presence of G418 (200 ug/ml) to maintain selective pres- 
sure for expression of the ATP7B transgene. The generation 
and characterisation of Me32a-T22/2L cells expressing 
mouse Atp7b was reported previously [18]. Total RNA 
was prepared from cells and the expression of each ATP7B 
transcript was analysed utilising a ribonuclease protection 
assay (RPA) as described previously [16]. Total protein 
extracts were prepared from approximately 5 x 10° cells as 
previously described [19]. The protein concentration was 
estimated by absorbance at 280 nm and approximately 15 

g of each sample was separated by SDS-PAGE on 7.594 
geis (Bio-Rad) under reducing conditions and transferred to 
nitrocellulose membranes (Millipore). Immunoblot analysis 
was carried out using the BM Chemiluminescence Kit 
(Boehringer Mannheim) according to the manufacturer's 
protocols. Filters were incubated overnight at 4 °C in 
blocking buffer and incubated for 1—5 h with the appro- 
priate affinity-purified primary antibody at room temper- 
ature. After four washes in blocking solution, filters were 
incubated for | h with horseradish peroxidase-conjugated 
sheep anti-rabbit IgG (Amrad Pharmacia Biotech) and 
immunoreactive proteins were visualised by chemilumi- 
nescence. 


2.3. Immunofluorescence microscopy 


Immunofluorescence analysis of cells was carried out 
essentially as described previously [20]. Where appropriate, 
copper (as CuCl,) was added to the growth medium. In 
general, cells were grown to 60% confluence on glass cover 
slips, fixed with 4% paraformaldehyde in PBS for 5 min, 
permeabilised with 0.1% Triton X-100 in PBS for 5 min at 
rocm temperature and placed in blocking solution (1% 
BSA/1% gelatin in PBS) overnight at 4 °C. Primary anti- 
bodies consisted of affinity-purified anti-normal and anti- 
alternate sheep ATP7B antibodies (1:100 or 1:50) and an 
affinity-purified anti-mouse Atp7b (1:50) antibody des- 
cribed previously [18]. The secondary antibody was 
affinity-purified FITC-conjugated sheep anti-rabbit IgG 
(Amrad Pharmacia Biotech, 1:400). The cover slips were 
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mounted onto glass slides using 2.6% DABCO (1,4-diaza- 
bicyclo-(2.2.2) octane, Sigma) in 100% glycerol and ana- 
lysed using a Zeiss axioskop fluorescence microscope with 
a CCD camera (Photometrics) and V for Windows software 
(Digital Optics). 


2.4. Cu accumulation and retention studies 


Copper accumulation studies were performed as 
described [18]. Briefly, cells were cultured in basal medium 
and transferred to BME supplemented with 2% foetal calf 
serum and trace amounts of “Cu (approximately 0.5 uM as 
CuCl; Australian Radioisotopes). For accumulation studies, 
cells were incubated for 24 h at 37 °C, washed twice in cold 
BME, and harvested by homogenisation in 0.1% SDS. For 
retention experiments, cells were treated as above but with 
an 8-h incubation in BME containing 2% foetal calf serum 
but lacking “Cu. The cells then were washed twice with 
cold BME and harvested in 0.1% SDS. The amount of “Cu 
in the cell lysates was measured using an LKB-Wallac 
Ultragamma counter and the protein content of the extracts 
was determined by protein assay [21]. 


3. Results 


3.1. Transfection and expression analysis of sheep ATP7B in 
Menkes patient ard control fibroblasts 


Expression constructs encoding the normal (pNORM) 
and alternate (pALT) sATP7B cDNAs were transfected into 
immortalised fibroblast cell lines, one control, GM847 and 
one derived from a Menkes disease patient, Me32a-T22/2L. 

To confirm expression of the sheep ATP7B cDNA, total 
RNA was extracted from 5 x 10? cells and 3 pg was 
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Fig. 1. RPA of sATP7B expression in transfected fibroblast cells. Total RNA 
was isolated from transfected cells and 3 ug was analysed by RPA as 
described in the Materials and methods. Lane 1 shows the size of the full- 
length, undigested probe and lane 2 the probe treated with ribonuclease. 
The RNA samples are: lane 3, untransfected Me32a Menkes patient 
fibroblasts; lane 4, untransfected GM847 normal fibroblasts; lane 5, Me32a 
transfected with pNORM; lane 6. Me32a transfected with pALT: lane 7. 
GM847 transfected with pNORM; lane 8, GM847 transfected with pALT. 
The approximately 340 and 180 bp protected fragments correspond to the 
alternative and norma! s47P7B transcripts, respectively. 
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Fig. 2. Western blot analysis of sATP7B expressed in fibroblast cells. 
Approximately 15 ug of total protein extract from fibroblast cells was 
fractionated by SDS-PAGE (7.5%) and duplicate gels were transferred to 
nitrocellulose membranes. Sheep ATP7B was detected with affinity. 
purified anti-normal sATP7B (A, 1:100) or anti-alternate sATP7B antibody 
(B. 1:50) and enhanced chemiluminescence. The samples are: Mej32a, 
untransfected Me32a Menkes patient fibroblasts; GM847, untransfected 
GM847 normal fibroblasts; Me32a/pNORM, Me32a transfected with 
pNORM; Me32a/pALT, Me32a transfected with pALT: GMRAT/pNORM, 
GM847 transfected with pNORM; GM847/pALT, GM847 transfected with 
pALT. The position of the approximately 160 kDa sATP7B protein ts 
indicated, 


analysed by a RPA. A protected fragment of the expected 
size (approximately 180 bp) was observed in Me32a-T22/ 
2L and GM847 cells transfected with pNORM, but not in 
the corresponding untransfected cells or those transfected 
with pALT (Fig. 1). Similarly, a protected fragment of 
expected size (approximately 340 bp) was detected in cells 
transfected with pALT but not in untransfected cells or 
pNORM-transfected cells (Fig. 1). 

Western blot analysis was carried out to confirm the 
expression of sheep ATP7B and to determine the relative 
level of protein expression. Approximately 15 ug of whole 
cell protein extract from the transfected and control cell 
lines was analysed. A protein of the expected size (approx- 
imately 180 kDa) was detected in the appropriate cell lines 
following analysis with either the anti-normal or anti-alter- 
nate ATP7B antibody (Fig. 2). There was no evidence of 
ATP7B protein in the untransfected cell lines. This result 
was expected as these cells do not express detectable levels 
of endogenous human ATP7B mRNA [18] and the sheep 
ATP7B antibodies do not cross-react with human ATP7B or 
human ATP7A (data not shown). The lower molecular 
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Fig. 3. Immunofluorescence microscopy analysis of ATP7B expressed in 
fibroblast cells. Transfected Menkes patient fibroblast cells expressing 
normal sATP7B (A), alternate sATP7B (B) or mouse Atp7b (C) were grown 
in basal media. The cells were fixed with 4% paraformaldehyde and 
permeabilised with 0.1% Triton X-100 before staining by indirect 
immunofluorescence with affinity-purified antibodies raised against normal 
SATP7B (1:100), alternate sATP7B (1:50) and mouse Atp7b ( | 50). Primary 
antibodies were detected using affinity-purified FITC-conjugated sheep 
antibodies to rabbit IgG. Bar: 10 jum ( x 60 objective) 


weight bands observed with the anti-alternate sATP7B 
antibody probably represent non-specific background, since 
they also were visible in the untransfected samples follow- 
ing an increased exposure time (data not shown) 


3.2. Intracellular distribution of sheep ATP7B in Menkes 
patient and control fibroblasts 


Immunofluorescence analysis was used to confirm 
expression and assess the intracellular distribution of each 
form of the sheep ATP7B protein in Menkes patient and 
control fibroblasts. In basal medium, each form of sheep 
ATP7B was similarly localised to the perinuclear region of 
transfected Menkes patient cells (Fig. 3A.B). A similar 
distribution was observed for each form of sATP7B in the 
control cell line (data not shown). This localisation of 
sATP7B was similar to that of murine Atp7b when 
expressed in the same cell line (Fig. 3C) and was consistent 
with previous studies, which demonstrated that sheep. 
mouse and human ATP7B is located at the TGN [17,18,22]. 


3.3. Copper accumulation and retention studies in trans- 
fected fibroblasts 


Copper transport studies were carried out to determine if 
the sheep ATP7B proteins could correct the abnormal 
copper accumulation of Menkes patient fibroblasts, as was 
reported for mouse and human ATP7B [18.23]. Following a 
24-h incubation in media containing approximately 0.5 uM 
“Cu, the parental Me32a cell line accumulated approxi- 
mately three-fold more copper than the control GM847 cell 
line (Table 1). The copper accumulation in Me32a cells 
transfected with either form of sheep ATP7B was signifi- 
cantly reduced in comparison to the non-transfected Me32a 
cells and was comparable to, or lower than the copper 
accumulation of the control cell line GM847 (Table 1). 
Further, the copper accumulation of normal fibroblasts 
(GM847) transfected with either form of sheep ATP7B 


Table | 
Copper accumulation and efflux by fibroblasts expressing sATP7B 





Cell line 24 h Copper 
accumulation 
(pmol Cwjig protein, 


mean + S.D.) 


Percentage 
copper retention 
(mean + S.D.) 





Meš2a 0.65 + 0.04 76 + 1.2 
GM847 0.25 + 0.01 49+1.7 
Me32a~pNORM 0.2 + 0.03 36 * 1.5 
Me22a- pALT 0.006 + 0.001 3042 

GMS847 -pNORM 0.006 + 0.001 3443.5 
GM847 -pALT 0.006 + 0.001 324 1.7 





Transfected and untransfected Menkes patient fibroblast (Me32a) and 
control fibroblast cells (GM847) were grown in ""Cu-containing media for 
24 kb and the amount of copper accumulated in the cells was determined. 
The percentage copper retention represents the amount of copper retained in 
the cells after a further 8 h incubation in media lacking “Cu. expressed as a 
percentage of the amount of “Cu accumulated in cells during the 24-h 
period. The samples are: Me32a, untransfected Menkes patient fibroblasts: 
GM5347, untransfected normal fibroblasts; Me32a - pNORM, Me32a trans- 
fected with pNORM; Me32a- pALT, Me32a transfected with pALT: 
GM347 -pNORM, GM847 transfected with pNORM; GM847 - pALT. 
GM847 transfected with pALT. Values represent the mean + S.D. of three 
independent measurements. 
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was significantly reduced in comparison to the non-trans- 
fected GM847 cells. After a further 8-h incubation in 
medium without “Cu, the amount of radioactive copper 
retained within the cells was determined, to give an indirect 
measure of copper efflux. The results demonstrated that 
Menkes or normal cells transfected with either form of 
sheep ATP7B retained significantly less copper than the 
parental cell lines (Table 1), suggesting that sheep ATP7B 
corrected the copper transport defect in these cells by 
enhancing copper efflux, rather than by decreasing copper 
uptake. i 


4. Discussion 


The results of previous studies of the structure and 
expression of sATP7B suggested that the gene could encode 
a functional protein [16]. Similarly, in vitro analysis of 
sATP7B demonstrated interaction with the copper chaper- 
one SAH [24] and copper-induced trafficking in Chinese 
hamster ovary (CHO) cells [17], properties required for 
correct functioning of ATP7B. However, copper homeo- 
stasis mediated by ATP7B is proposed to involve copper 
transport across cellular membranes in addition to ligand- 
induced trafficking of the molecule when copper is in excess 
[8]. In this study, we demonstrated that the two forms of 
sATP7B are functional copper-transporting molecules. 

A diagnostic feature of Menkes disease is that cultured 
cells derived from an affected individual hyper-accumulate 
copper [25,26]. The functional complementation of the 
copper accumulation phenotype of Menkes patient fibro- 
blasts by ATP7A and ATP7B has demonstrated that these 
cells constitute a valuable model for analysis of the copper 
transport function of CPx-type ATPases [18,23]. RNA and 
protein analysis confirmed the successful transfection and 
expression of cDNA-derived sATP7B in Menkes and con- 
trol fibroblasts. A significant level of sATP7B mRNA and 
protein was detected in transfected fibroblasts, but not in 
untransfected cells (Figs. 1 and 2). 

Immunofluorescence analysis was used to assess the 
intracellular distribution of sATP7B in the Menkes and 
control fibroblasts and demonstrated that the two proteins 
-were similarly localised within the cell. In basal medium, 
each form of sATP7B was localised to the perinuclear 
region in transfected Menkes patient cells (Fig. 3). This 
localisation was observed in cells expressing different levels 
of the recombinant protein and was consistent with previous 
studies which indicated that ATP7B is located at the TGN in 
basal copper conditions [17,22]. The addition of 200 uM 
copper to the medium did not appear to significantly alter 
the localisation of sATP7B in the transfected cells (data not 
shown). A similar apparent lack of response to copper was 
observed when the cDNA-derived murine Atp7b protein 
was expressed in the Me32a and GM847 cell lines [18], 
suggesting that normal trafficking of ATP7B does not take 
place in these fibroblast cells. In contrast, a significant 


proportion of human ATP7B expressed in mottled mice 
fibroblasts and HepG2 cells underwent a copper-induced 
relocalisation to a vesicular, cytoplasmic compartment 
[22,23]. It is difficult to reconcile these conflicting results, 
but they do suggest that the cell type utilised for in vitro 
studies may significantly influence the extent to which 
copper-induced relocalisation of ATP7B is detectable. 
Copper transport studies demonstrated that both forms of 
sATP7B corrected the copper accumulation of Menkes 
patient fibroblasts. Following a 24-h incubation in medium 
containing trace amounts of “Cu, the parental Me32a cell 
line accumulated approximately three-fold more copper than 
the control GM847 cell line (Table 1). The copper accumu- 
lation in Me32a cells transfected with either form of sATP7B 
was reduced in comparison to the non-transfected Me32a 
cells and was comparable to the copper accumulation of the 
control GM847 cell line. The reduced copper accumulation 
of the Me32a cells transfected with pALT, in comparison to 
pNORM, might have been due to higher expression levels of 
alternate sATP7B, as suggested by the intensity of the 
protected fragment in the RPA analysis (Fig. 1). Alterna- 
tively, the difference may be the result of a larger proportion 
of the G418-resistant population expressing pALT in com- 
parison to pNORM. Similarly, the copper accumulation of 
normal fibroblasts (GM847) transfected with either form of 
sATP7B was significantly reduced in comparison to the non- 
transfected GM847 cells. These observations were analo- 
gous to those reported for functional murine and human 
ATP7B expressed in Menkes and mottled fibroblasts [18,23]. 
After a further 8 h incubation in medium without “Cu, the 
amount of radioactive copper retained within the cells was 
determined, to give an indirect measure of copper efflux. The 
transfected Me32a and GM847 cells expressing sATP7B 
retained similar proportions of copper as the non-transfected 
control cell line, and this was substantially less than the non- 
transfected Me32a cell line (Table 1). This result suggests 
that sATP7B corrected the copper transport defect in these 
cells by enhancing copper efflux, rather than by decreasing 
copper uptake. These results demonstrate that both forms of 
sATP7B are functional copper-transport proteins that can 
reduce the intracellular copper content of fibroblasts by 
enhancing copper efflux. Taken together with our previous 
studies examining the structure, expression and localisation 
of sATP7B [16,17,24], these results suggest that the copper 
toxicosis syndrome of sheep may not result from defects in 
the copper transport or localisation of either form of sheep 
ATP7B. It is important to note that these studies utilised a 
non-polarised cell culture system and the sheep ATP7B 
proteins may have properties distinct from other mammalian 
copper ATPases that are only apparent in hepatic cells which 
have an apical (canalicular) and basolateral surface. Further- 
more, the specific identity of the compartment to which 
ATP7B traffics in response to elevated copper is yet to be 
determined. If this is found to be different for the two forms 
of sATP7B, it may suggest distinct roles for these proteins in 
copper homeostasis. Future studies will be directed toward 
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comparison of the sheep proteins in a polarised hepatic cell 
line. 
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Abstract 


Aceruloplasminemia is an autosomal recessive disorder caused by mutations in the ceruloplasmin (CP) gene, and is characterized by a 
unique combination of neurovisceral iron overload and iron deficiency anemia. We generated CP-deficient (CP” `) mice to investigate the 
functional involvement of CP in iron metabolism. The mice showed a marked iron overload in the liver and mild iron deficiency anemia. We 
examined the expression of iron-metabolism genes in the duodenum and liver using TaqMan RT-PCR. The divalent metal transporter | 
(DMT1), ferroportin | (FPN/), and hephaestin (HEPH) genes were not up-regulated in the duodenum from CP ` ` mice. These data suggest 
that the mechanism of hepatic iron overload in aceruloplasminemia is quite different from that in hemochromatoses and atransferrinemia. In 
the liver, CP^ /^ mice showed no increase of gene expression for DMT] and transferrin receptors (TFR and TFR2), indicating that none of 
the known pathways of iron uptake is activated in hepatocytes of CP” ^ mice. This result supports the hypothesis that CP mainly acts to 


release iron from cells in the liver. 
€ 2002 Elsevier Science B.V. All rights reserved. 


Keywords: Ceruloplasmin; Iron overload; Divalent metal transporter |; Ferroportin 1; Hephaestin; Transferrin receptor 


1. Introduction 


Aceruloplasminemia is an iron-overloading disorder 
caused by mutations in the ceruloplasmin (CP) gene, and 
is clinically characterized by diabetes mellitus, retinal 
degeneration, mild iron deficiency anemia, and neurological 
symptoms [1—4]. Laboratory findings include deficient 
serum CP, decreased serum iron, normal or decreased trans- 
ferrin saturation rate, and increased serum ferritin. Marked 
hemosiderosis is seen in the liver, pancreas, and brain in 
affected individuals [4]. These findings strongly support that 
CP is involved in iron metabolism through its ferroxidase 
activity. However, the precise role of CP in iron homeostasis 
and mechanism of iron overload in aceruloplasminemia 
have remained unclear. 

Iron is an element essential for a wide spectrum of 
biologic functions, whereas excess iron is toxic because of 


* Corresponding author. Tel.: -31-263-37-3215; fax: +81-263-37-3216, 
E-mail address: kvoshidat@hsp.md.shinshu-u.ac.jp (K. Yoshida). 


its insolubility at physiologic pH and its ability to generate 
reactive oxygen species. Iron homeostasis is maintained by 
the strict regulation of iron absorption from the intestine, 
rather than iron excretion [5]. Recently, several important 
molecules involved in iron transport have been identified by 
molecular genetic analyses of patients and animals with 
abnormal iron metabolism. They include hereditary hemo- 
chromatosis protein (HFE) [6], transferrin receptors (TFR [7] 
and TRF2 [8,9]) divalent metal transperter 1 [10,11] 
(DMT1, previously named NRAMP2 and DC TI). ferropor- 
tin 1 [12] (FPNI, also called IREGI [13] or MTPI [14]), and 
a CP homologue, hephaestin (HEPH) [15]. DMTI, FPNI, 
and HEPH are highly expressed in the intestine (mainly in 
the duodenum) and are considered to be a brush border 
transporter of ferrous iron, a basolateral iron exporter, and a 
basolateral multi-copper ferroxidase, respectively. The iden- 
tification of these iron-metabolism proteins has contributed 
to enlarging our knowledge of iron homeostasis. 

To elucidate iron kinetics in a CP-deficient state, we 
generated genetically CP-deficient (CP y mice. The mice 
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were clinically well up to at least the age of 60 weeks, but 
showed a significant increase in iron storage in the liver not 
later than age 20 weeks. We examined the expression of 
iron-metabolism genes, DMT], FPNI, HEPH. TFR, and 
TFR2, in the duodenum and liver of CP mice to 
investigate iron kinetics in a CP-deficient state and to 
deduce functional involvement of CP in iron absorption 
and transport. We discuss the iron-overloading mechanism 
in aceruloplasminemia compared with other hereditary iron- 
overloading disorders. 


2. Materials and methods 


2.1, Generation of CP" mice 


We generated a CP null allele by deletion of essential 
sequence from exon I, as follows. A 6.5-kb mouse genomic 


A ceruloplasmin gene [Hidi] = Bpwt 1021 





| 
primer! 


targeting vector ; 





priera H 


DNA fragment containing exon | of the CP gene was 
isolated from a 129/SvJ mouse genomic library (Stratagene) 
and subcloned into Bluescript H SK+ vector (Stratagene). A 
pMC Ineo polyA cassette (Stratagene) was then inserted 
between two Bpull02l sites (+ 16 and — 650, +1 denotes 
the translation start site) in the reverse orientation, followed 
by the insertion of the 1.8-kb herpes simplex virus thymi- 
dine kinase gene into the 3'-end of the genomic fragment 
(Fig. 1A). It was linearized by cleavage at the unique Notl 
site, before transfection by electroporation into E14 embry- 
onic stem (ES) cells obtained from the inbred mouse strain 
129/SvJ. Positive clones were selected by challenging the 
cultured ES cells with G418 (300 ug/ml) and ganciclovir (2 
uM). Surviving colonies were then screened for the 
expected homologous recombination by PCR using LA 
Tag polymerase (TaKaRa) and primers; primer 1 (CP intron 
sequence outside the targeting vector): 5'-TAA GAT GCT 
GGA GAA GCC ACA GGA GAC TGT AG-3’, and primer 
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mice. (A) A schematic diagram of the CP gene (top), the CP-mutant targeting vector (middle), and the predicted structure of the 


CP null allele after homologous recombination (bottom). The restriction sites of Bpul1021, Hindlll, and Notl are shown. The Hindlll-restriction sites 
(rectangles) generate the 4.0- and 4.4-kb restriction fragments d.agnostic for wild-type and properly targeted alleles, respectively, as shown in (C). The Neo 
(neomycin resistance) and HSV TK (herpes simplex virus thymidine kinase) genes refer to the positive and negative selective markers, respectively. PCR 
primers and 3' external probe are indicated. (B) PCR analysis for identification of the mouse genotype. The PCR product generated with primers | and 3 
indicates the wild-type allele and that with primers 1 and 2 indicates the targeted allele. (C) Southern analysis of HindIII digest of genomic DNA isolated from 
mouse tail cuts. The bands of 4.4 and of 4.0 kb indicate mutant and wild-tvre CP alleles, respectively. (D) Immunoblot analysis of mouse serum with 
polyclonal anti-human CP antibody. CP protein is completely absent in serum ftom CP ^ mice. 
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2 (neo cassette sequence): 5'-CTG CGT GTT CGA ATT 
CGC CAA TGA CAA GAC GCT GG-3’. The PCR results 
were confirmed by Southern blot analysis of EcoRI- or 
Hindlll-digested genomic DNA using the external probe 
(Fig. 1A). Probing with the neo gene confirmed the presence 
of a single mutant allele. Targeted ES cells containing one 
disrupted CP allele were injected into C57BL/6 blastocysts 
as described previously [16] and chimeric mice were 
derived from two independent clones. Heterozygous F, 
offspring from the ES clones were independently inter- 
crossed to generate F» homozygous mice on the BALB/c 
strain background. To identify the genotype of the offspring, 
genomic DNA from the tails was amplified by PCR using 
oligonucleotide primers; primers 1 and 3 (sequence from 
exon 1): 5'-GCA ACA TTA AAT TGT GTC AGC CAA 
GC-3' for wild-type allele amplification and primers 1 and 2 
for targeted allele amplification (Fig. 1B). Southern blot 
analysis of Hindlll-digested genomic DNA with the 3' 
external probe that yielded a 4.0-kb band in the wild-type 
allele and a 4.4-kb band in the targeted allele was also 
performed to confirm the PCR results (Fig. 1C). 

Mice fed ad libitum on a normal chow diet (containing 
122 ug/g of iron and 77.2 ug/g of copper) were kept on a 
12:12 light/dark cycle. Body weight was recorded once 
every 4 weeks. 


2.2. Immunoblot analysis and measurement of serum 
ferroxidase activity 


Liver tissue was homogenized and boiled for 6 min in a 
buffer containing 10% SDS, 70 mM Tris-HCI (pH 6.7), 10 
mM EDTA, and 5% B-mercaptoethanol. Serum was added 
to an equal volume of buffer containing 4% SDS, 100 mM 
Tris- HCl (pH 6.7), and 10% B-mercaptoethanol, and boiled 
for 6 min. The liver or serum protein at 20 ug/lane was then 
separated on a 7.5% SDS-polyacrylamide gel and electro- 
transferred onto a polyvinylidene difluoride membrane 
(Millipore). The blot was then incubated with a rabbit 
polyclonal anti-human CP antibody (DAKO, A0031) at a 
1:500 dilution. We had previously confirmed that this anti- 
body could clearly detect both the secreted form and the 
glycosylphosphatidylinositol-anchored form [17] of mouse 
CP. Immune complexes on the blot were detected with a 
1:3000 dilution of horseradish peroxidase-conjugated goat 
anti-rabbit IgG (BIO-RAD) and ECL Western blotting 
detection reagents (Amersham Pharmacia Biotech). Serum 
ferroxidase activity was measured using Fe” ions as the 
substrate, as described previously [18]. 


2.3. Histopathology 


Under anesthesia with diethylether, organs were removed 
from 20-, 40- and 60-week-old CP^'^ mice and CP“ ° 
littermates used as controls. Tissues were fixed in 10% 
formalin, embedded in paraffin, sectioned, and mounted on 
slides for staining with hematoxylin and eosin. Other sets of 


slides were stained with potassium ferrocyanide (Berlin 
blue) to detect ferric iron in tissues, and counterstained with 
nuclear fast red. 


2.4. Measurement of metal content 


CP^'^ mice and CP' ` littermates were anesthetized 
with diethylether and systemically perfused with saline from 
the left ventricle after thoracotomy to remove whole blood 
from organs. Iron and copper contents of tissues were 
analyzed as described previously [19]. Briefly, the tissues 
were collected into pre-weighed glass tube, reweighed to 
calculate the weight of wet specimen, then lyophilized and 
weighed again to calculate the weight of dried specimen. 
After sixfold wet tissue weight of nitric acid was added, the 
specimens were heated at 80 ^C for 1 to 2 days, and 
dissolved with 2 ml of 50 mM hydrochleric acid. under 
ultrasonic agitation at 50 ^C. The supernatant of the 
centrifuged samples was analvzed by atomic absorption 
spectrophotometer after appropriate dilution with water. 
The iron and copper contents (ug/g of dry tissue) were 
calculated from the results of this analysis and the dilution 
factor. Hematological parameters and serum iron content 
were measured on other series of mice. 


2.5. Quantitative TagMan RT-PCR 


Total RNA was isolated from tissues of 26- and 40-week- 
old CP ' ^ male mice and CP" ` male littermates using TRI 
Reagent (Sigma), and treated with RNase-free DNase (Stra- 
tagene). The RT reaction was performed with | ug of 
DNase-treated total RNA, random hexamers, and MMLV 
reverse transcriptase (Applied Biosystems) according to the 
manufacturer's instructions. TagMan PCR primers and Taq- 
Man probes used for quantification of DMTI, FPNI, 
HEPH, TFR, and TFR2 cDNAs were designed using Primer 
Express Software (Applied Biosystems) (Table 1). The 
primers and probe for DMT/ detected a total of two splice 
variants of DMT] mRNA, namely, the IRE (iron responsive 
element) form and the non-IRE form. These probes consist 
of an oligonucleotide with a 5'-reporter fluorescent dye (6- 
carboxyfluorescein) and a 3'-quencher dye (6-carboxy-tet- 
ramethyl-rhodamine). Each cDNA was amplified by PCR 
using each primer set and duodenum cDNA as the template 
for DMTI, FPN1, HEPH, and TFR, or liver cDNA for 
TFR2. The products were inserted into the pCR I] vector 
(Invitrogen) and cloned. The serially diluted plasmids con- 
taining each cDNA were used as the standards for amplifi- 
cation. PCR reaction mixture was prepared according to the 
manufacturer's instructions and the amplification was car- 
ried out in MicroAmp optical 96-well reaction plates 
(Applied Biosystems) in the ABI Prism 7700 Sequence 
Detection System (Applied Biosystems). Each reaction 
was performed in triplicate. The cDNA quantities were 
normalized to the amount of glvceraldehyde-3-phosphate 
dehydrogenase (GAPDH) cDNA, which was quantified 
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Table 1 
Sequence of TaqMan RT-PCR primers and probe used for quantification of 
gene expression 





5'-AAC CAA CAA GCA GGT GGT TGA-3 
5'-CTT TGT AGA TGT CCA CAG CCA 

GAG T-3 

probe 5'-CCA TGC TGA CCT CTT TCC CAG TGA 
CAA C-Y 

5'-AAG GAT TGA CCA GCT AAC CAA CA-Y 
5'-CAG CCA ATG ACT GGA GAA CCA-3’ 
probe 5'-CCA TGG CTG TCG GCC AGA TTA TGA 
CAT-3 

5'-GCC TGG GCA CAG AGA CTG AT-Y 
5'-AAG GTG TGA GGA AAG AGC ATG AC-3’ 
probe 5'-TTC GAG GGC AAC ACT GTG CAG 

CTT C-Y 

5'-CAG AAA GTT CCT CAG CTC AAC CA-3 
5'-GTT CAA TTC AAC GTC ATG GGT AAG-3 
probe 5'-AGC CAC TTC CGC TGC TGT ACG 

AAC C-Y 

5'-AGC TGG GAC GGA GGT GAC TT-3' 
53'-TCC AGG CTC ACG TAC ACA ACA-3' 
probe 5'-AGG GCT ACC TCA GCG TGC TAC ACC 
TCA-3 


DMT! primers 


FPN] primers 


HEPH primers 


TFR primers 


TFR2 primers 





using Rodent GAPDH Control Reagents (VIC probe, 
Applied Biosystems). 


2.6. Statistical analysis 


Data were expressed as means + standard deviations. We 
used the unpaired Student’s ¢ test to evaluate the differences 
in hematological parameters, serum and tissue metal content, 
serum ferroxidase activity, and gene expression level on 
quantitative TaqMan RT-PCR between CP' ` and CP ` 
mice. 


3. Results 
3.1. Clinical phenotype of CP "^ mice 


Immunoblot analysis of serum and liver showed that 
neither the 132-kDa full-length nor smaller sized truncated 
CP protein was detected in CP^ ` mice (Fig. 1D), confirm- 
ing that targeted disruption of the CP gene was completely 
attained. Serum ferroxidase activity was reduced in CP" ` 
mice [302.0 + 85.6vs. 523.5 + 139.4UA(P— 0.002); CP": 


Table 2 
Serum and tissue iron content in CP" and CP ~ mice 


N=5, CP": N=11] and negligible in CP~'~ mice 
[53.7431.1 vs. 523.5+139.4 UA (P=3.7x 107’); 
CP ' U: N=16, CPU ': N= 11]. 

CP" and CP’ ' ` mice appeared normal at birth. Of 228 
offspring genotyped, 58 (25.4%) were wild-type (CP `), 
115 (50.4%) heterozygous for the CP null allele (CP" ^), 
and 55 (24.1%) homozygous (CP^ ^). CP” mice deve- 
loped and grew normally. They survived into their 60— 
80th weeks after birth. CP” ^ mice did have mild micro- 
cytic anemia [12.6 + 1.0 vs. 15.9 + 0.3 g/dl (P=0.0043), 
48.5 + 4.0 vs. 55.8 + 1.9 fl (P 0.028), and 28.5 + 0.6 vs. 
29.2 + 0.4 g/dl (P=0.097) of hemoglobin content, mean 
corpuscular volume, and mean corpuscular hemoglobin 
concentration, respectively; 20-week-old mice; CP '': 
N=4, CP" *: N= 5] and lower serum iron content (Table 2). 


3.2. Hepatic iron overload in CP^'^ mice 


Hematoxylin and eosin staining of the brain, duodenum, 
heart, kidney, liver, lung, pancreas, and retina of 20-, 40-, 
and 60-week-old CP ` mice derived from two independ- 
ent clones revealed no structural abnormalities (data not 
shown). Iron staining (Berlin blue staining) of the liver from 
CP ^ mice showed increased iron deposition (Fig. 2B), 
while little iron deposition was seen in the liver of CP” * 
mice (Fig. 2A). Iron deposition was observed in the cyto- 
plasm of both hepatocytes and Kupffer cells, not only at the 
periportal areas but also around the central veins (Fig. 2C). 
lron staining of the brain, duodenum (Fig. 2D), heart, 
kidney, lung, pancreas, and retina showed no evidence of 
abnormal iron deposition up to at least the age of 60 weeks. 

Although there was no significant difference in iron 
content between CP" ' and CP ‘~ mice in the cerebrum 
and duodenum, hepatic iron content of CP^' ^ mice was 
significantly ( ~ 3.4-fold) higher than that of CP ' mice at 
both 20 and 40 weeks of age (Table 2). We also evaluated 
copper content of these organs, but no significant differ- 
ences were found between CP” * and CP" ` mice (data not 
shown). 


3.3. Expression of iron-metabolism genes 


The expression of iron-metabolism genes was measured 
by means of quantitative TaqMan RT-PCR. DMTI, FPN], 
and HEPH mRNA were evaluated in the duodenum, which is 
the major site of iron absorption, and DMTI, FPNI, HEPH, 














Age Genotype Serum iron [ug/dl] Tissue iron [ug/g of dry tissue] 
Cerebrum Duodenum Liver 
20 w CP 194.7 + 18.0 (3) 70.6 = 13.0 (7) 219.9 + 124.2 (7) 419.1 + 169.0 (7) 
CP ` 102.0 + 32.5** (6) 73.3 = 11.2 (7) 221.9 + 123.7 (7) 1425.7 + 557.2** (7) 
40 w CP 205.8 + 31.8 (5) 72.0 + 7.1 (6) 188.4 + 19.3 (5) $39.0 + 99.1 (6) 
CP ` 90 + 58.3** (6) 76.2 = 7.3 (5) 169.3 + 30.7 (4) 1822.0 + 903.1* (5) 





The numbers of examined mice are shown in parenthesis. *P «0.05, **P «0.01 compared with the corresponding data of CP" ^ mice. 
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Fig. 2. Berlin blue iron stain counterstained with nuclear fast red of organs from 40-week-old mice. Liver sections of CP^ ~ (A) and CP. mice (B, C) and 
duodenum section of CP^ ~ mice (D) are shown. In the CP^ ` mouse, markedly increased iron deposition is seen in the liver, where the cytoarchitecture is 


well preserved (B). Iron deposition was observed in the cytoplasm of both hepatocytes and Kupffer cells, not only at the periportal areas but also around the 
central veins (CV) (C). In the CP” mouse, neither structural abnormality nor abnormal iron deposition is seen in the duodenum (D). 





Fig. 3. Quantification of iron-metabolism gene expression by TaqMan RT-PCR. DMT/, FPN/, and HEPH mRNA were evaluated in duodenum (A) and DMT, 
FPNI, HEPH. TFR, and TFR2 mRNA were quantified in liver (B). Total RNA extracted from tissues of 20- and 40-week-old CP’ * and CP male mice was 
used for reverse transcription and PCR amplification. The amount of each gene transcript relative to the GAPDH transcript is shown as mean + standard 


deviations. *P < 0.05; **P «0.01; ***P «0.001. Because HEPH gene expression was very low in the liver from both CP” * and CP^ mice, those results are 
not shown. 


200 K. Yamamoto et al. / Biochimica et Biophysica Acta 1588 (2002) 195-202 


TFR, and TFR2 mRNA in the liver. In the duodenum (Fig. 
3A), there was no difference in the expression of the DMT], 
FPNI, and HEPH genes between CP" ` and CP `` ` mice at 
20 weeks of age. Although the expression of these three 
genes had a tendency to increase with age in CP" ` mice, 
expression of the DMT/ and FPN/ genes tended to decrease 
and the HEPH gene showed a reduced rate of increase in 
CP ` ` mice. There was a significant difference in the level 
of expression of the FPN/ gene between CP" ` and CP ` ^ 
mice at 40 weeks of age (P= 0.0004). 

In the liver (Fig. 3B), expression of the DMT] gene in 
CP ` mice was reduced in comparison with CP" ` mice at 
40 weeks of age (P=0.0085). The levels of FPN! gene 
expression in the liver revealed no difference between CP" 
and CP '^ mice. CP deficiency significantly lowered TFR 
gene expression in the liver at both 20 ( P— 0.044) and 40 
(P=0.0004) weeks of age. TaqMan RT-PCR showed a 
tendency towards lower TFR2 gene expression in the liver 
from CP '' than CP^* mice, but this did not reach 
significance ( P= 0.142, 0.059 at 20 and 40 weeks of age, 
respectively). The expression levels of the HEPH gene were 
very low in the liver of both CP” ` and CP mice at the 
age of either 20 or 40 weeks (data not shown). 


4. Discussion 


In the present study, we have generated CP ` mice 
and investigated tissue iron storage and expression of 
iron-metabolism genes in the duodenum and liver. These 
CP^ ^ mice showed an iron overload in the liver in 
combination with hypoferremia and mild microcytic anemia, 
suggesting that abnormal iron kinetics in patients with 
aceruloplasminemia is faithfully modeled here. On the other 
hand, we found no evidence of abnormal iron overload in 
other organs including brain and pancreas up to the age of 60 
weeks, where marked iron overload is observed in affected 
individuals [4]. Short life span and poor cerebral vasculari- 
zation may be the reasons for absence of iron overload in the 
brain of CP” `” mice. Harris et al. [20] generated CP ' 
mice independently, and found increased iron content in the 
liver and spleen, but not either hypoferremia or anemia in 
their CP^ ^^ mice. The difference in hematological behavior 
is likely to have arisen due to targeting different strains ofthe 
mice; we generated CP” ~ mice in the BALB/c strain 
background, whereas they used black Swiss— Webster mice 
[20]. 

Investigating the expression of the genes involved in iron 
transport in iron-depleting or iron-overloading conditions, 
although it is not a direct analysis of iron transport, may 
provide insights important for a better understanding of iron 
metabolism. Several studies have demonstrated that duode- 
nal DMTI and FPNI expression is increased in patients with 
HFE-associated [13,21,22] or non-HFE-associated [21] 
hemochromatosis, HFE-deficient mice [23,24], hypotrans- 
ferrinemic (homozygous Apx) mice [13,25], and iron-defi- 


cient states [11,13,14,26,27]. By contrast, up-regulation of 
the DMT/ and FPN/ genes was not found in the duodenum 
of CP" ` " mice. This supports a previous ferrokinetic study 
by Harris et al. [20], which showed no difference in the rate 
of intestinal iron absorption between their CP” ~ mice and 
control mice. The profile of duodenal DMT] expression in 
CP ` ` mice is consistent with the manner of regulation 
through IRE/IRP (iron regulatory protein) system [28] since 
DMTI transcripts have IREs in the 3'-untranslated region 
(3'-UTR) and CP deficiency does not affect iron content in 
enterocytes. FPN/ transcripts contain IRE in the 5'-UTR, 
bu: the modes of regulation other than those involving the 
IRE/IRP system have been speculated for duodenal FPN/ 
expression [13,14]. Reduction of duodenal FPN/ expression 
at the age of 40 weeks in CP ~ mice may be explained by 
that the iron store regulator acts more strongly than the 
erythropoietic regulator, although these regulators have not 
been clearly identified [5]. The profile of duodenal DMTI 
and FPNI expression in CP^ ^ mice suggests that the 
mechanism responsible for hepatic iron overload in acer- 
uloplasminemia is quite different from that in hereditary 
hemochromatoses and atransferrinemia. 

What mechanism functions in the process of tissue iron 
overload in CP-deficient state is open to discussion. To date, 
controversial results have accumulated on the role for CP in 
iron transport via its ferroxidase activity. Classical studies 
suggested that CP promotes iron efflux from the storage 
celis to plasma in vivo [29,30]. Some in vitro experiments 
were in favor of this possibility [31,32]. In addition, studies 
on human aceruloplasminemia and CP” mice strongly 
suggested an iron-releasing function of CP [1,20]. On the 
other hand, Fox et al. [33,34] and Qian et al. [35] demon- 
strated that CP has a role in iron uptake rather iron release. 
The different results might be partly due to experimental 
conditions, therefore, we are still awaiting a final answer on 
the role for CP in iron metabolism. The expression profile 
of iron-metabolism genes in the iron-overloaded liver of 
CF ' mice may provide a clue to solve this intriguing 
issue. Hepatocytes have a transport system to take up both 
transferrin (TF)-bound and non-TF-bound iron [36]. TFR 
and TFR2 take TF-bound iron in hepatocytes, and DMTI is 
involved in both TF-bound and non-TF-bound iron uptake 
[27,36]. In our study, hepatic DMT], TFR, and TFR2 
expression in CP ' ` mice was down-regulated in the face 
of enlarged iron store. The significant suppression of DMT] 
and TFR expression is in reasonable agreement with the 
regulation via IRE/IRP system because DMT/ and TFR 
transcripts, but not 7FR2 transcripts [37], have IREs in 3’- 
UTR and are regulated directly by tissue iron status. More 
importantly, these results indicate that no known pathway of 
iron uptake is activated in hepatocytes in CP^/ ^ mice. 
Thus, it is likely that CP mainly acts to release iron from 
hepatocytes and that its deficiency directly causes iron 
overload, although continued TFR2-mediated iron uptake 
may also contribute to hepatic iron accumulation. If this is 
not the case, we should presume that unknown CP-inde- 
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pendent pathways of iron uptake will be activated in 
hepatocytes in a CP-deficient state. ` 

Lastly, we should discuss on duodenal HEPH expression 
briefly. FPN1 requires an auxiliary ferroxidase activity to 
mediate iron release across the basolateral membrane of 
enterocytes. In a classical schema, CP was considered as a 
major ferroxidase in this compartment [38]. Harris et al. [20] 
showed that the rate of intestinal iron absorption was not 
affected in CP~’~ mice. On the other hand, sex-linked 
anemia (sla) mice, which bear a mutation of the HEPH gene, 
have a block in intestinal iron transport and show moderate to 
severe microcytic hypochromic anemia [15]. Furthermore, 
we found no increase in duodenal HEPH expression in 
CP! mice. Taken together, it is concluded that CP is less 
critical than HEPH for intestinal iron absorption. 

We ‘have attempted to understand the iron-overloading 
mechanism in a CP-deficient state by evaluating the expres- 
sion of iron-metabolism genes. Based on our data, acerulo- 
plasminemia is characterized by a specific iron-overloading 
mechanism different from other disorders such as hereditary 
hemochromatosis and atransferrinemia. Fürther examination 
using each animal model may promote a better understand- 
ing of the pathogenesis peculiar to each iron metabolism 
disorder and may facilitate development of therapeutic 
approaches appropriate for each pathological condition. 
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Abstract 


Mucopolysaccharidosis type Il (MPS IL Hunter syndrome) is a congenital storage disorder resulting from mutations on the iduronate-2- 
sulfatase (IDS) genz. The disease shows variable clinical phenotypes from severe to mild with progressive neurological dvsfunction. The 
therapeutic options for treatment of MPS II are limited and currently no specific therapies are available; the problem is further compounded 
by difficulties in delivering therapeutic agents to the central nervous system (CNS). In this work, as a potential treatment for this disease, the 
transfer of the recorabinant IDS enzyme into brain cells has been studied in vitro. Two different approaches to obtain recombinant [DS have 
been utilized: production of the recombinant enzyme by a transfected human clone (Bosc 23 cells); production of the recombinant enzyme by 
adenoviral transduction of neuronal (SK-N-BE) or glial (C6) cells. Our data indicate that the transfected as well as the infected cells produce a 
large amount of the IDS enzyme, which is efficiently endocytosed into neuronal and glial cells through the mannose 6-phosphate (M6P) 


receptor system. Scmatic gene therapy appears therefore to be suitable to correct IDS deficiency in brain cells. 


2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Iduronate-2-sulfatase (IDS; E.C. 3.1.6.13) is a lysosomal 
enzyme involved in the catabolism of the mucopolysacchar- 
ides heparan and dermatan sulfate. In humans, the inherited 
deficiency of this enzymatic activity results in mucopoly- 
saccharidosis type H (MPS II, Hunter syndrome) (for 
review, see Ref. '1]). Patients accumulate undegraded der- 
matan and heparan sulfate in the lysosomes of most cell 
types and this accumulation, particularly within cells of the 
neurological system, leads to a wide spectrum of clinical 
phenotypes, ranging from the mild form with late onset and 
absent or moderate mental retardation to the severe form 
characterized bv progressive somatic and neurologic 
involvement. The 24-kb IDS gene is located on the Xq27/ 
28 boundary and the 2.3-kb cDNA encodes a protein of 550 
amino acids [2—4]. The IDS protein is synthesized as two 
precursor forms of 90 and 76 kDa; subsequent modification 
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of N-linked sugar residues, with the addition of mannose 6- 
phosphate (M6P), targets newly synthesized IDS to lysoso- 
mal compartments where, after a proteolytic cleavage, it is 
converted into a 45- to 42-kDa mature polypeptide [5,6]. 
The cloning of IDS cDNA sequences has allowed the 
identification of a large variety of IDS locus alterations 
(for reviews, see Refs. [7,8]) with subsequent genotype/ 
phenotype correlation for many of the described mutations, 
Moreover, some IDS mutant proteins have been character- 
ized in expression studies [9-12]. 

Lysosomal enzymes are post-translationally processed to 
contain phosphorylated M6P residues. These bind to M6P 
receptors which target proteins to the lysosomes. Receptors 
are also present on the cell membrane and are able to bind 
circulating or extracellular lysosomal enzymes and deliver 
them to the lysosomes (for review, see Ref. [13]). Thus, 
enzyme replacement has been suggested for the treatment of 
lysosomal storage diseases. Despite substantial clinical and 
laboratory experimentation for the treatment of these disor- 
ders in which there is significant neurological involvement, 
little is known about the capacity of neuronal and glial cells 
to take up individual lysosomal enzymes from the extrac- 
ellular medium and process them correctly within the lyso- 
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somes. Little research has been carried out to this regard; it 
has been reported that neurons and glial cells contain the 
appropriate M6P receptors necessary to take up all lysosomal 
enzymes from the extracellular medium and that extracellu- 
lar «-L-iduronidase is indeed endocytosed [14]; moreover, it 
has been reported that a high percentage of M6P glycopro- 
teins are present in rat brain [15]. However, no experiments 
have been done to assess the capacity of neuronal and glial 
cells, in vitro, to correctly process endocytosed lysosomal 
proteins. Thus, our aim was to extend these in vitro studies to 
the IDS enzyme; our experiments were designed to assess 
whether neuronal and glial cells could take up recombinant 
IDS from the extracellular medium, retain it intracellularly 
and process it correctly within the lysosomes. Two sources of 
recombinant IDS have been used: (1) enzyme secreted by 
transfected human Bosc 23 cells and (2) enzyme secreted by 
adenovirally transduced neuronal and glial cells, since the 
capacity of the recombinant vector AdRSVIDS to transduce 
human normal and Hunter fibroblasts has been previously 
demonstrated [16]. 


2. Materials and methods 
2.1. Cell cultures 


Bosc 23 (human kidney cells) were grown in Dulbecco's 
modified Eagle medium (DMEM). SK-N-BE (human neu- 
roblastoma) and C6 (rat glioma) cell lines were grown in 
monolayers in RPMI 1640. All media were supplemented 
with 10% FCS, 100 U/ml penicillin, 100 ug/ml streptomy- 
cin, 2 mM L-glutamin (all purchased from Life Technolo- 
gies, Italy). Cells were grown at 37 °C in a 5% CO;/air 
atmosphere. SK-N-BE cells were treated with 5 uM trans 
retinoic acid (RA) (Sigma) for 3 days to induce differ- 
entiation [17]. 


2.2. Bosc 23 cells transfection 


Ten micrograms of the plasmid pCXN [18] containing 
the IDS cDNA was introduced into Bosc 23 cells by 
electroporation using a BioRad Gene Pulser apparatus and 
a pulse of 250 V/960 uF. The cells were grown in non- 
selective medium for 48 h and then subcultured into 
medium containing 0.375 mg of active Geneticin (G418)/ 
ml. After 2 weeks selection, G418-resistant colonies were 
harvested by tripsinisation, expanded in DMEM/G418, 
cloned in flat-bottomed 96-well tissue plates by limiting 
dilution, and assayed for IDS activity. 


2.3. Adenovirus infection 


The virus AdRSVIDS, previously described [16], carries 
in the El region of its genome the IDS cDNA driven by the 
RSV promoter. It was generated, purified and titred accord- 
ing to standard techniques [19]. 


RA-treated SK-N-BE neuronal cells and C6 glial cells 
were grown in 60-mm plates and infected with 20 or 50 pfu/ 
cell of AdRSVIDS. The day before the infection, both cell 
lines were seeded; one additional plate of each line was 
seeded for counting. The next day, cells were counted just 
before the infection which was performed for 30 min at 37 
°C in PBS’ ' containing an amount of virus dependent on 
the cell number and on the multiplicity of infection chosen. 
Mock samples were instead treated with PBS' ' alone. All 
cells were afterwards refed and harvested 48 h later. 

To assess the efficiency of adenovirus infection in both 
SK-N-BE and C6 cell lines, a control virus, AAMHCMVS- 
pllacZ [20] expressing the E. coli lacZ reporter gene, was 
used, at 10-20-50-100 pfu/cell. X-gal staining, performed 48 
h post-infection showed for both cell lines an efficiency of 
infection around 100% already at 50 pfu/cell, which was 
therefore taken as the maximum multiplicity to be used in 
the following experiments. 


2.4. Enzyme analysis 


Cell pellets were washed twice with 150 mM NaCl, 
resuspended in the same buffer and frozen—thawed six 
times. The protein content was determined in cell lysates 
according to Lowry et al. [21]. The IDS assay was per- 
formed as described: 2 ug of cellular proteins was incubated 
with 20 ul of the substrate 4-methylumbelliferyl-a-iduro- 
nide-2-sulfate (MU-aldu-2S) and kept for 4 h at 37 °C, after 
which 10 ul of RLC (Rabbit Liver ConA fraction) was 
added and the reaction continued for 24 h more. The 
reaction was terminated by adding the appropriate stop 
buffer and the amount of product obtained was evaluated 
using a fluorometer with 365 nm excitation and 446 
emission [22]. 


2.5. Endocytosis of recombinant IDS produced by stably 
transfected Bosc 23 cells into SK-N-BE neuronal and C6 
glial cells. Effect of M6P 


IDS Bose 23 cell clones were grown to 70% confluency 
in 60-mm plates, after which fresh medium was added and 
left for 24 h, then removed and clarified by centrifugation at 
200 x g for 5 min. The conditioned medium was then trans- 
ferred onto recipient cells (RA-treated SK-N-BE cells or C6 
cells) and cultures incubated for 2 days in the absence or in 
the presence of M6P. After 48 h endocytosis, the cells were 
trypsinized and the IDS activity measured in cell extracts. 

In another set of experiments, IDS Bosc 23 cell clones 
were labeled for 2 h (pulse) with *°S-Express Protein 
Labeling Mix; medium was changed and left for 24 h chase 
period. Chase medium was removed, clarified by centrifu- 
gation as described and added to SK-N-BE or C6 cells in the 
absence or in the presence of 5 mM M6P. After 48 h 
endocytosis, the cells were washed with PBS, lysed on ice 
for 30 min in 500 pl lysis buffer (10 mM EDTA pH 8, 0.1% 
Triton X-100, 0.2 mM PMSF, | mM pepstatin A and 1 mM 
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leupeptin) and centrifuged for 15 min at 13600 x g. Radio- 
labeled supernatants were treated overnight with 1 ul anti- 
IDS antiserum. Immune complexes were precipitated with 
30 ul protein A:Agarose (Santa Cruz Biotechnology) for 1 h 
at 4 °C, washed four times with lysis buffer, analyzed by 
SDS-PAGE followed by fluorography. 


2.6. Endocytosis of recombinant IDS produced by AdRS- 
VIDS infected SK-N-BE and C6 cells into a second 
population of neuronal and glial cells. Effect of M6P 


: RA-treated SK-N-BE cells and C6 glial cells were grown 
to 70% confluency in 60-mm plates and were infected with 
50 pfu/cell of AdRSVIDS; after 48 h, the medium was 
removed and clarified by centrifugation as described. The 
conditioned medium. was then transferred onto recipient 
cells (a second population of untreated SK-N-BE or C6 
cells) and cultures incubated for 2 days in the absence or in 
the presence of 5 mM M6P. After 48 h endocytosis, the cells 
were trypsinized and the IDS activity was measured in the 
cell extracts. 

In another set of experiments, infected SK-N-BE and C6 
cells were labeled for 2 h (pulse) with *°S-Express Protein 
Labeling Mix; the medium was changed and left for 24 h 
chase period. The conditioned labeled medium was 
removed, clarified and added to a second population of 
untreated SK-N-BE or C6 cells in the absence or in the 
presence of 5 mM M6P. After 48 h endocytosis, the cells 
were treated exactly as described in Section 2.5. 


3. Results 
3.1. Generation of clonal cell lines expressing IDS 


"The.pCXN expression vector containing the full-length 
cDNA for IDS was electroporated into Bosc 23 cells and 
stable clones selected using 0.375 mg of active Geneticin 
(G418)/ml; 24 clones were isolated and assessed for the 
level of IDS activity. Enzyme levels were between 205.3 
and 496.0 nmol/4 b/mg. Clones C7, C10 and C18 showed 
the highest levels of IDS activity (Table 1) clone C10 
resulting the best for IDS expression in the cells (4.5-fold 
the level of untreated cells) and in the medium (3.3-fold the 


Table 1 
IDS activity measured in three isolated clones of Bosc 23 cells after stable 
transfection with expression vector pCXN. Transfected cells were selected 
in G418 


Bosc-23 . Cells (nmol/4 h/mg) Medium (nmol/4 h/mD 
Untransfected 108.5 + 12.3 12403 
C7-clone 336.1 + 23.2 2.2 + 0.5 
C10-clone 496.0 + 4.1 40 t 1.1 
C18-clone 393.2 + 29.6 2.7412 


‘TDS activity is given as nmol/4 h/mg and represents the mean + Sp. of 
triplicate 60-mm plates. 


Table 2. 
Endocytosis of recombinant IDS from Bosc 23 cells into SK-N-BE 
neuronal and C6 glial cells. Effect of M6P 





Experimental conditions SK-N-BE C6 
(nmol/4 h/mg) (nmol/4 h/mg) 
Control cells (means + S.D.) 19.2 + 0.15 232 + 1.15 
Cells + conditioned media 6949.8 88 + 10.4 
(means + S.D.) 
Percentage versus controls 358 379 
Cells + conditioned media + M6P 23.2413 26.4421 
(means + S.D.) 


SK-N-BE and C6 cells were treated for 2 days with conditioned medium from 
Bosc 23 cells in the absence or in the presence of 5 mM M6P. Control cells 
were maintained in unconditioned medium for the same time. IDS levels are 
given as nmol/4 b/mg and represent the mean + S.D. of triplicate plates. 


level of untreated cells) (Table 1); it was therefore used tor 
the production of recombinant IDS enzyme. 


3.2. Endocytosis of recombinant IDS enzyme produced by 
stably transfected Bosc 23 cells into SK-N-BE and C6 cells. 
Evaluation of enzyme activity 


To characterize the process by which neuronal SK-N-BE 
and C6 glial cells can acquire the lysosomal IDS enzyme, 
we performed an uptake cross-correction experiment to 
demonstrate active endocytosis. The basal levels of IDS in 
RA-treated SK-N-BE cells and C6 cells were 19.2 and 23.2 
nmol/4 h/mg, respectively. To study neuronal uptake, the 
conditioned medium from C10 clone was used as a source 
of IDS for in vitro cultured SK-N-BE and C6 cells. Internal- 
ization of IDS was monitored after 48 h endocytosis: a 
significant increase in the enzyme activity was detected 
intracellularly in SK-N-BE (358.3%) and in C6 cells (379%) 
(Table 2). When the experiment was performed in the 
presence of 5 mM M6P, the IDS activity levels were similar 
to the basal levels (Table 2), indicating that endocytosis of 
IDS was mediated by the M6P receptor pathway. Taking 
into account the total enzyme units (35) measured in the 
extracellular medium and the total enzyme units (1.7 and 
2.2) recovered in the recipient cells (SK-N-BE and C6, 
respectively), a mean value of 5.6% endocytosis was calcu- 
lated. 


3.3. Endocytosis of recombinant IDS enzyme produced by 
stably transfected Bosc. 23 into SK-N-BE and C6 cells. 
Evaluation of enzyme maturation 


To study the maturation of the IDS protein after endocy- 
tosis into SK-N-BE and C6 cells, the medium of the C10 
clone, containing the labeled precursor forms of IDS, was 
added to SK-N-BE and C6 cells, in the absence or in the 
presence of M6P. The results are shown in Fig. 1; the 
precursor 76-kDa form in the absence of M6P was efficiently 
endocytosed, resulting in both cell types in the mature form of 
43 kDa.. The presence of 5 mM M6P again inhibited the 
uptake of the enzyme. 
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Fig. 1. Endocytosis of IDS produced by Bosc 23 cells into SK-N-BE 
neuronal and C6 glial cells. Effect of M6P. Bosc 23 cells, stably transfected 
with IDS cDNA construct, were labeled for 2 h (pulse) with ^? S-Express 
Protein Labeling Mix. After a subsequent period of 24 h (chase), the media, 
containing the precursor forms of the enzymes, were collected and 
concentrated to 0.5 ml by Millipore Centricon Centrifugal Filter Device or 
were directly added to RA-treated SK-N-BE and to C6 cells in the absence 
(—) or presence (+) of 5 mM M6P for 48 h endocytosis. IDS protein was 
immunoprecipitated from concentrated Bosc 23 medium or from 
homogenates of target cells, separated by SDS-PAGE and detected by 
fluorography. The mass (in kilodaltons) of the molecular weight markers is 
indicated on the left. M, medium; C, cell lysate. The arrows on the right 
indicate the 76-kDa precursor form and the 43-kDa mature IDS form. 


3.4, Adenovirus infection of SK-N-BE neuronal and C6 glial 
cells 


Triplicate 60-mm plates of neuronal SK-N-BE and C6 
glial cells were infected with the viral vector AdRSVIDS at 
20 and 50 pfu/cell, as described in Materials and Methods 
and the IDS activity was tested 48 h after infection. An IDS 
basal activity of 24 and 29 nmol/4 h/mg was observed in 
untreated SK-N-BE and C6 cells, respectively (Table 3); 
after infection with 20 pfu, an IDS increase above the basal 
level of 9.2-fold (intracellular) and 4.4-fold (extracellular) 
was found in SK-N-BE cells, while an increase of 8.5-fold 


Table 4 

Endacytosis of recombinant IDS from AdRSVIDS infected SK-N-BE 
neuronal and C6 glial cells into a second population of untreated cells. 
Effect of M6P 








Experimental conditions SK-N-BE C6 

(nmol/4 h/mg) (nmol/4 h/mg) 
Control cells (means + S.D.) 24.7 + 24 30.4 + 3.6 
Cells + conditioned media 334 t 42.1 435.9 + 50.3 


(means + S.D.) 
Percentage versus controls 1352.2 1433.8 
Cells + conditioned media + M6P 107 + 25.6 112 € 31.9 
(means + S.D.) 





SK-N-BE and C6 cells were cultured for 48 h in conditioned medium from 
AdRSVIDS infected cells in the absence or in the presence of 5 mM M6P. 
Control cells for each cell type were maintained in unconditioned medium 
for the same time. IDS levels are given as nmol/4 h/mg and represent the 
meaa t S.D. of triplicate plates. 


(intracellular) and 7.1-fold (extracellular) was observed in 
C6 cells (Table 3). Infection with 50 pfu resulted in higher 
increases in the IDS activity: 18.1-fold and 10.6-fold in SK- 
N-BE (cells and medium, respectively); 16-fold and 15.6- 
fold in C6 (cells and medium, respectively) (Table 3). 


3.5. Endocytosis of recombinant IDS enzyme produced by 
AdRSVIDS infected SK-N-BE and C6 cells into a second 
population of untreated cells. Evaluation of enzyme activity 


To evaluate whether the enzyme secreted from trans- 
duced neuronal SK-N-BE and C6 glial cells could be 
taken up by a second population of untreated cells, the 
conditioned medium from transduced cells was added to 
uninfected neuronal and glial cells. After 48 h, the target 
cells were tested for IDS activity. The results are shown 
in Table 4: the SK-N-BE cells, with a basal activity of 
24.7 nmol/h/mg, after 48 h incubation with conditioned 
medium showed an activity of 334 nmol/4 h/mg, namely 
an increase of 1352%; the C6 cells, with a basal activity 
of 30.4 nmol/h/mg, after 48 h incubation with a condi- 
tioned medium showed an activity of 436 nmol/4 h/mg, 
namely an increase of 143495. The presence of 5 mM 
M6? in the system blocked the IDS uptake (Table 4). 
Taking into account the total enzyme units (12.0 and 
14.1) measured in the extracellular medium of SK-N-BE 
and C6, respectively, and the total enzyme units (8.8 and 
10.5) recovered in the recipient cells, a mean value of 
74% endocytosis was calculated. 











Table 3 

IDS activity in SK-N-BE neuronal cells and C6 glial cells after adenoviral infection 

Experimental conditions SK-N-BE cells SK-N-BE medium C6 cells C6 medium 
(nmol/4 h/mg) (nmol4 h/n:l) (nmol/4 h/mg) (nmol/4 h/ml) 

Control cells (untreated) 24t24 113409 29 + 3.5 0.90.4 

Infected cells (20 pfu) 221 € 31.8 497t21 246 + 562 6.4] € 2.6 

Infected cells (50 pfu) 434 + 83.1 12.0 t 3.5 465 + 75.5 14.1 t 45 








IDS activity, determined 48 h after infection, represents the mean + S.D. of triplicate plates. 
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3.6. Endocytosis of recombinant IDS enzyme produced by 
AdRSVIDS infected SK-N-BE and C6 cells into a second 
population of untreated neuronal and glial cells. Evaluation 
of enzyme maturation 


Immunoprecipitation experiments were performed to 
confirm the internalization of the IDS protein in untreated 
SK-N-BE and C6 cells. To this purpose, the conditioned 
medium by SK-N-BE and C6 was added to the same cells, 
in the absence or in the presence of M6P. The results are 
shown in Fig. 2; the recombinant IDS protein secreted into 
the culture medium was taken up by recipient cells and 
correctly processed to the mature form of 45 kDa. The 
presence of 5 mM M6P inhibited the uptake of the enzyme. 
It should be noted that, in contrast with the results shown in 
Fig. 1, the attempt to immunoprecipitate the precursor form 
in the conditioned medium of SK-N-BE and C6 cells was 
unsuccessful. Apparently, this precursor form obtained in 
neuronal cells after adenovirus infection contains some 
difference(s) with respect to the precursor form found after 
Bosc 23 transfection. A similar problem was encountered 
with the IDS protein expressed in another cell type [12]. 


M SKNBE 





Fig. 2. Endocytosis of IDS produced by transduced SK-N-BE neuronal and 
C6 glial cells into a second population of untreated recipient cells. Effect of 
MOP. RA-treated SK-N-BE and C6 cells were infected with AdRSVIDS at 
20 pfu/cell; 18 h later, the cells were labeled for 2 h (pulse) with 38g. 
Express Protein Labeling Mix. After a subsequent period of 24 h (chase), 
the media, containing the precursor forms of the enzymes, were added to 
untreated SK-N-BE and C6 cells in the absence (—) or presence (+) of 5 
mM MGP. After 48 h of endocytosis, IDS protein was immunoprecipitated 
from homogenates of target cells, separated by SDS-PAGE and detected by 
fluorography. The mass (in kilodaitons) of the molecular weight markers is 
indicated on the left. The arrow on the right indicates the 45-kDa mature 
IDS form. 


4. Discussion 


MPS II is a storage disorder with multiple sites of 
pathology, including the central nervous system (CNS). 
Currently, only symptomatic treatments are available; only 
a few patients, without severe neuropsychological impair- 
ment, have undergone bone marrow transplantation [23 
25]. At present, MPS H is considered to be a candidate 
disorder for enzyme replacement therapy (ERT) and for 
gene therapy. In this respect, the in vitro correction. of 
Hunter fibroblasts or lymphocytes [16,26—-28] and in vivo 
autologous transplantation of genetically corrected periph- 
eral blood lymphocytes [29] are currently the onlv options 
available to accomplish gene delivery of the correct gene 
sequence. However, the in vivo experiments on the CNS 
have been disappointing due to the blood-brain barrier and 
the in vitro experiments on CNS cells have never been 
performed, indicating the need for further investigation. 

In this study, we have generated human kidney cells, 
Bosc 23, which overexpress and secrete human IDS follow- 
ing stable transfection with the IDS pCXN expression 
vector. After transfection, the IDS activity increased both 
in the cells and in the culture medium. The recombinant 
Bosc 23 cells were used as donor cells for in vitro cell- 
mediated enzyme replacement of neuronal SK-N-BE and 
C6 glial cells. We have demonstrated that the recombinant 
IDS enzyme produced by transfected Bosc 23 cells was 
efficiently taken up by neuronal and glial cells through the 
M6P receptor pathway. Metabolic labeling experiments 
have confirmed the enzymatic data demonstrating that the 
recombinant protein was not only properly glycosylated for 
uptake but also correctly processed into the brain cells in the 
mature form of 45—42 kDa. 

At the same time, we have demonstrated that the repli- 
cation defective adenovirus vector AdRSVIDS can be 
efficiently transduced into neuronal SK-N-BE and C6 cells; 
after infection, the enzymatic activity increased both intra- 
cellularly and in the extracellular medium. Furthermore, the 
experiments of metabolic labeling showed that the recombi- 
nant IDS enzyme, produced in neuronal and glial cells by 
the AdRSVIDS adenovirus vector, was endocytosed by a 
second population of the untreated cells and underwent 
correct processing to the 45—42-kDa mature form. 

Previously, in vitro studies have shown that recombinant 
lysosomal enzymes, including IDS, are correctly localized 
in lysosomes of the transduced cells and normalize the 
substrate catabolism [14,16,26,27.30]; other studies on 
recombinant lysosomal proteins have indicated that these 
enzymes are properly glycosylated for uptake [14.26]. 
Recent data suggest that enzyme preparations containing 
phosphorylated (3-glucuronidase are more effective than the 
non-phosphorylated enzyme in the clinical response to ERT 
in MPS VII mice (31]; on the other hand, overexpression 
resulting in intracellular aggregation may interfere with 
intracellular trafficking and optimal substrate degradation 
[32]. 
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In conclusion, we have demonstrated that cultured CNS 
cells can be efficiently induced to produce or endocytose 
therapeutic levels of recombinant IDS enzyme and that the 
recombinant protein is subsequently correctly processed 
within the lysosomes. These results may have important 
implications both for enzyme replacement therapy and for 
gene therapy for neurological disorder of MPS IL. In view of 
the considerable problem of the blood-brain barrier, a 
potential therapeutic approach could be based on intrathecal 
treatment of the recently obtained MPS II mouse model 
[33]. 
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Abstract 


A heteroplasmic T to C transition at nucleotide position 14709 in the mitochondrial tRNA glutamic acid ((RNAS") gene has previously 
been associated with maternally inherited diabetes and deafness (MIDD). To investigate the pathogenic mechanism of the T14709C mutation, 
we have constructed transmitochondrial cell lines by transferring fibroblasts mitochondria from a patient with the mutation into human cells 
lacking mitochondrial DNA (mtDNA) (rho? cells). Clonal cybrid cell lines were obtained contaming various levels of the heteroplasmic 
mutation, or exclusively mutated or wild-type mtDNA. Measurement of respiratory chain enzymatic activities failed to detect a difference 
between the homoplasmic mutant and homoplasmic wild-type cybrid cell Imes. However, a subtle decrease in the steady-state levels of 
tRNA S transcripts m some mutant clones. Our studies suggest that the T14709C mutation is insufficient to lead impairment of 
mutochondrial function in homoplasmic osteosarcoma cybrid clones, and that we cannot exclude that the T14709C mutation affects 


mutochondrial function by a yet unidentified mechanism. 
© 2002 Elsevier Science B.V. All rights reserved 
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1. Introduction 


Over the last decade, mutations of the mitachondrial 
genome have become increasingly recognised as important 
causes of human disease. Many of these abnormalities take 
the form of mtDNA rearrangements, but an increasing 
number of mtDNA point mutations have now been 
described, affecting protein coding, rRNA or tRNA genes 
(MITOMAP hitp://www.gen.emory.edu/mitomap.html). 

MtDNA abnormalities, including deletions, duplications 
and point mutations, are a well-recognised cause of diabetes 
[1-5]. The most commonly described mtDNA defect in 
patients with maternally inherited deafness and diabetes 
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(MIDD) resides in the tRNAL*UUB) gene [2-6], an A to 
G transition at position 3243 that was first associated with 
the mitochondrial encephalopathy, lactic acidosis and 
stroke-like episodes (MELAS) syndrome [7]. Moreover, a 
point mutation (T14709C) in the mitochondrial tRNA gene 
for glutamic acid ((RNAS") has been identified in some 
patients with diabetes mellitus [8—11]. In these cases, the 
T14709C mutation was heteroplasmic and present at high 
levels in the patient's muscle and white blood cells. Bio- 
chemical studies of muscle mitochondria showed reduced 
complex I and IV activities [8—10], whilst a correlation was 
also shown between the level of mutation and the activity of 
cytochrome c oxidase in single muscle fibres [9]. In addi- 
tion, profound alteration of oxidation process was demon- 
strated in vivo by *'P magnetic spectroscopy [10]. 

The development of human cell lines lacking mtDNA 
(rha^ cell lines) that can be repopulated with exogenous 
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mtDNA by mitochondria-mediated transformation [12] has 
provided a useful tool to study pathogenic mtDNA muta- 
tions, as all cybrids contain the same mtDNA haplotype 
within the same nuclear background, differing by only the 
single nucleotide point mutation [13—15]. We have used this 
methodology to investigate the molecular pathogenic mech- 
anism of the T14709C mutation. Using fibroblasts from a 
previously characterised patient with this mutation as a 
source of donor mitochondria [10], we have isolated several 
clonal cell lines that contained exclusively homoplasmic 
mutated or wild-type mtDNA and heteroplasmic mtDNA 
and performed detailed biochemical studies of these cell 
lines to assess the effect of the T14709C mutation on 
mitochondrial function. 


2. Materials and methods 
2.1, Patient 


The patient presenting diabetes and severe myopathy was 
described in detail previously [10]. Briefly, a muscle biopsy 
revealed ragged red fibers and a decreased activity of 
respiratory chain complex IV (39% of mean control values). 
Molecular analysis demonstrated the presence of a hetero- 
plasmic T14709C mutation at a level of 78% mutant load in 
skeletal muscle and 65% in blood. 


2.2. Cell lines and culture conditions 


Fibroblasts from skin explant obtained from this patient 
were cultured in high-glucose DMEM supplemented with 
10% foetal bovine serum (FBS), 100 ug/ml pyruvate and 50 
ug/ml uridine in 5% CO, at 37 °C. The 143B.TK ` 
osteosarcoma cell line and the daughter 143B.206.TK ^ 
rho? cells were provided by M. King (T. Jefferson Univer- 
sity, Philadelphia, PA, USA). 143B.206 rho? cells, com- 
pletely depleted of mtDNA by long-term exposure to 
ethidium bromide, were grown in DMEM containing 4.5 
gl glucose and 110 jig/ml pyruvate, supplemented with 
10% FBS (Gibco), 50 pg/ml uridine and 100 pg/ml 5- 
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Fig 1 Tissue distribution of T14709C mutation PCR fragments of DNA of 
fibroblasts (E), muscle (M), white blood cells (WBC), harr follicles (HF) 
and buccal cells (BC) of the patient were digested with NdeI mto two 
fragments of 284 bp (mutated DNA) and 259 bp (wild-type DNA, control 
C) and separated by electrophoresis through a 15% nondenaturing 
acrylamide gel. 
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Fig 2 Growth kmetics of the cell types used m complementation 
experiments Rho? in DMEM+dialysed FBS+BrdU (+—+), rho° m 
DMEM + dialysed FBS + BrdU + pyruvate+ uridine (open squares), fibro- 
blasts from patient m DMEM + dialysed FBS+BrdU (filled circles), 
fibroblasts from patient m DMEM + dialysed FBS (open circles), cybrid 
cells m DMEM + dialysed FBS+BrdU (filled squares). Concentrations 
used dialysed FBS 5% (vol/vol), BrdU, 100 pg/ml; uridine 50 pg/ml, 
pyruvate, 100 ug/ml. 


bromo-2’-deoxy uridine (BrdU, Sigma Immunochemicals, 
Saint Louis, MO). 


2.3. Cell fusion 


Transmitochondrial cell lines were obtained using the 
method of King and Attardi [12]. Rho? cells were collected 
by low-speed centrifugation, resuspended in DMEM, and 
counted. Fibroblasts (10° cells) were mixed with an equal 
number of rho? cells, and culture medium carefully elimi- 
nated by centrifugation. Cells were resuspended for 1 min in 
0.2 ml of sterile polyethyleneglycol 1500 (50% w/v) (Roche 
Diagnostics, Meylan, France). After cell fusions, screening 
of complemented cells was performed by growing cells in 
standard DMEM for 24 h and then in selective medium 
(pyruvate- and uridine-free DMEM supplemented with 5% 
dialysed FBS and 100 pg/ml BrdU). After 15 days, about 27 
independent colonies were observed and selected in the 
same medium used for the rho? cells. 


2.4. DNA analysis 


Total DNA from blood cells and from cybrids cells was 
prepared using standard protocols [10]. Hair follicles and 
buccal cells were prepared and subjected to PCR amplifi- 
cation as described [16,17]. For the quantitation of the 
T14709C tRNA“ mutation, a 284-bp fragment was ampli- 
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fied using the polymerase chain reaction (PCR) method. 
Conditions were as follows: one cycle at 94 °C for 3 min, 
followed by 30 cycles at 94 °C for 30 s, 62 °C for 30 s and 
72 °C for 30 s; the final extension proceeded for 10 
min. Primers for the reaction were 5 CACGGACTACAAC- 
CACGACCAATCATA 3'(nt 14682-14708) and 
5' TTACGTCTCGAGTGATGTGG 3/(nt 14966-14947). 
The underlined position in the first primer represents a 
modification from the wild-type sequence to create an Ndel 
restriction site in wild-type mtDNA. The amplification 
products were digested with Ndel, which cleaves the 284- 
bp fragment into two fragments of 259 and 25 bp. The 
T14709C mutation abolishes this Ndel restriction site. To 
determine the proportion of normal and mutated mtDNA, 
the amplified fragment was labeled with [a-**P]dCTP in the 
last cycle to prevent underestimation of the proportion of 
mutant mtDNA due to heteroduplex formation. Following 
digestion, the restriction fragments were submitted to elec- 
trophoresis through a 15% polyacrylamide gel, the gel was 
dried onto a support and exposed to radiographic film. The 
relative proportions of mutant and wild-type mtDNA were 
quantified by scanning and analysing a shortly exposed X- 
ray film with the Image 1.45 software. 

Nuclear genotypes were characterised by high polymor- 
phic markers analysis. PCR fragments with CA repeats from 
chromosome 5 (DSS455) were amplified and sequenced 


A 
C 2 4 9 12 314 15 
0 95 91 93 85 55 
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using an ABI Prism automated DNA sequencer (Perkin 
Elmer) [18]. The highly polymorphic repetitive sequence 
D118533 present on chromosome 11q was evidenced in the 
different cell lines, as described [19]. 


2.5 Respiratory chain enzyme analysis of transmitochon- 
drial cybrid clones 


Mitochondrial fractions were isolated from cultured cells 
and the activities of the individual respiratory chain com- 
plexes and the matrix marker citrate synthase were deter- 
mined spectrophotometrically as previously described 


[20221]. 
2.6. High-resolution Northern blot analysis 


Total cytosolic RNA was isolated from 1 to 2 x 10° cells 
using TRIZOL® Reagent (Life Technologies, UK). Large 
RNA species were precipitated by the addition of 10 M 
LiCl, allowing smaller RNAs (5S, tRNA) to be precipitated 
from the resulting supernatant. Small RNAs (1 ug) were 
separated through a 1396, 8 M urea denaturing polyacryla- 
mide gel using 1 x TBE as running buffer, electroblotted 
onto GeneScreen-plus membranes (NEN Dupont) in 
0.25 x TBE and immobilised by UV crosslinking. Regions 
of mtDNA encompassing the tRNAS™ and tRNAL? US 
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Fig. 3. Genetic characterization of patient's fibroblasts and cybrid cells. (A) Analysis for the presence and quantity of the mutated DNA with the 14709 
mutation in DNA isolated from patient's fibroblasts (F) and eight derived heteroplasmiic cybrid cells compared to control DNA (C) after Ndel digestion of a 
PCR-amplified fragment contaming the tRNA glutamic acid gene The size of the fragments 1s shown on the right, and the proportion of mutated DNA is 
indicated below each lane. (B) PCR amplification of the D11S533 locus of patient's fibroblasts, cybrid clones, their nuclear parent 143B and rho? cells 
Amplification of the nuclear DNA of the donor fibroblasts (F) produces a two-band pattern (530 and 430 bp) which differs from the single band obtained from 
the nuclear DNA of the other cell lines, mcluding 143B cells, rho? cells, three wild-type (W3, W11, W22) and four mutated transformant cybrid clones (M12, 


MI5, M20 M21) 
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genes amplified by PCR were used as probes for Northern 
blots. The RNAS" probe (69 bp) was amplified using the 
forward primer L14635 (positions 14635-14655). 
S'TACTAAACCCACACTCAACAQG 3'and the reverse 
primer H14810 (positions 14810—14791) 5’ GGAGGTC- 
GATGAATGAGTGG 3’. The tRNAL*U9 probe (75 bp) 
was amplified using the forward primer L3200 (positions 
3200—3219) 5’ TATACCCACACCCACCCAAG 3 and 
the reverse primer H3353 (positions 3353-3334) 
S'GCGATTAGAATGGGTACAAT 3’. Purified PCR prod- 
ucts were radiolabelled with [o-?P] dCTP (3000 Ci/mmol) 
(Amersham, UK) by the random-primer method and unin- 
corporated nucleotides were removed by gel filtration 
through a Sephadex G-50 DNA grade column (Pharmacia, 
UK). Hybridization was carried out at 42 °C overnight in a 
solution of 5 x SSPE, 50% formamide, 10% dextran sul- 
phate, 5 x Denhardt’s solution, 1% SDS containing 2 x 10° 
cpm radiolabelled probe. After hybridization, two 15-min 
washes were performed at room temperature with 2 x SSPE, 
followed by a 15-min wash at 65 °C with 2 x SSPE and 2% 
SDS. Blots were subjected to PhosphorImager analysis and 
the radioactive signal for the tRNAS™ probe (69 bp) 
normalised to that of the RNA“) probe (75 bp) for 
each.sample using ImageQuant software (Molecular 
Dynamics). 


3. Results 


3.1. Tissue distribution of the T14709C mutation and 
respiratory chain activity measurements in fibroblasts 


Fig. 1 shows that the proportion of mutant mtDNA was 
highest in the muscle of the patient (82%) as compared to 
the proportion found in white blood cells (61%). The 
T14709C mutation was found in buccal cells (69 %) and 
in hair follicles (65%) of the patient. Skin fibroblasts 
cultures were established from the patient carrying the 
T14709C mutation. Analysis of fibroblasts established from 
the patient revealed a mutant load of 71%. Respiratory chain 
enzyme activities determined from mitochondria-enriched 
preparations [19] showed a reduced complex I activity 
(57%) and a slightly decreased complex IV activity (72%) 
in the patient compared to controls. 


3.2 Cell fusion and characterization of the cybrid cells 


To obtain homoplasmic mutant transmitochondrial cell 
lmes, patients’ fibroblasts were fused with rho° cells fully 
depleted of mtDNA derived from the 143B.TK ` cell line. 
The growth capacity of the different cell lines in various 
media was assessed (Fig. 2). The rho° cells exhibited both 
auxotrophy for pyruvate and undine and resistance to BrdU, 
as they were obtained from the thymidine kinase-deficient 
(TK —) osteosarcoma 143B cell line. Patient's fibroblasts 
exhibited BrdU sensitivity and were able to grow in DMEM 


lacking pyruvate and uridine (Fig. 2). After fusion, selection 
of cybrids was performed in the selective medium contain- 
ing BrdU but lacking pyruvate and uridine. After 15 days, 
we collected 27 transformant cybrid clones. The different 
clones were able to grow in the selective medium with 
growth kinetics similar to those of rho? cells in a pyruvate- 
and uridine-supplemented medium. 

We analysed the mtDNA. genotype of the 27 cybrids 
clones by PCR-RFLP analysis. Eleven clones were hetero- 
plasmic ranging from 4% to 95% mutated DNA (Fig. 3A). 
Nine of 27 clones contained 100% mutant mtDNA, whereas 
seven were judged homoplasmic for wild-type mtDNA (Fig. 
4A).We confirmed the presence of normal amounts of 
mtDNA in each clone by Southern blot analysis (the 
mtDNA probe was a 15.6-kb purified PCR product ampli- 
fied with the Expand Long Template PCR system and the 
nuclear probe was a 18S probe) (data not shown). 

Each clone was subsequently examined to verify that the 
mitochondrial genotype was identical to the donor fibro- 
blasts by sequence analysis [22,23] and that the nuclear 
genotype was identical to that of the nuclear parent, the 
143B cell line. We demonstrated that the DNA of the wild- 
type and mutated cybnd clones were homozygous for the 
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Fig. 4 Molecular analysis of wild-type and mutant 14709 cybrid clones 
(A) PCR-RFLP analysis of three wild-type (lanes 1—3) and three 
homoplasmic mutant clones (lanes 4—6) The band at 284 bp represents 
mutated mtDNA whilst the band at 259 bp represents wild-type mtDNA 
(B) Determination of steady-state mt-tRNA®™ levels in cybrid clones using 
high-resolution Northern blots Small RNAs (lpg) were separated through a 
denaturing polyacrylamide gel, electroblotted onto membranes and 
hybndized with radiolabeled probes specific for mt-tRNAO" and mt- 
tRNAL*UUB) transcripts as described in Materials and Methods (C) The 
bar chart illustrates the ratio of mt-tRNA®™ signal to mt-fRNALsu(UUR) 
signal for each of the six cybrid clones 
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Table 1 
Mitochondrial respiratory chain enzyme activities m transmitochondrial 
cybrids 


Wild type, n=4 MS M7 M8 M20 M21 


(mean + S.D.) 
Complex /CS — 0.145 + 0.064 





0089 0.162 0120 0078 0125 
Complex I/CS 0.292 + 0.103 0266 0.276 0.193 0.318 0.415 
Complex IV/CS 134+ 0.32 0821 1025 2127 1230 2360 


Four wild-type and five totally mutated (M5, M7, M8, M20, M21) cybrid 
clones were analysed Enzyme activities from mutochondria-enriched 
preparations are expressed as nanomoles NADH oxidised per minute per 
unit citrate synthase (CS) activity for complex I, nanomoles DCPIP reduced 
per minute per unit of citrate synthase for complex II and the apparent first- 
Order rate constant per second per unit citrate synthase for complex IV 
(x10?) DCPIP=2,6-dichlorophenol-indophenol, S.D =standard devia- 
tion Assays were performed in triplicate. 


same length polymorphism at the D11S533 locus of their 
nuclear parent, 143B, which differed from the heterozygous 
pattern found in the donor patient's fibroblasts (Fig. 3B). 
Moreover, the allelic marker pattern D58455 found in the 
rho* cells was evidenced by sequence analysis of the cybrid 
cells DNA (data not shown). This clearly indicated that the 
nucleus 1n cybrid cells originated from rho* cells. 


3.3. Respiratory chain enzyme analysis of transmitochon- 
drial cybrid clones 


The activities of complexes I, H and IV were measured in 
mitochondrial fractions prepared from four wild-type cybrid 
clones and five homoplasmic mutant cybrids, and compared 
to the activity of the mitochondrial matrix marker enzyme, 
citrate synthase (Table 1). No significant differences in the 
enzymatic activities between homoplasmic mutant cells and 
homoplasmic wild-type cybrid clones were observed. 


3.4. tRNA: steady-state levels 


To investigate the effect of the T14709C mutation on the 
processing of tRNAÓ" from its precursor, the steady-state 
level of tRNA®S™ was determined by Northern blot hybrid- 
ization in the three homoplasmic wild-type and three homo- 
plasmic mutant cybrid clones. The RNAS" did not show 
any obvious size change in the mutant form campared to 
controls, although there appeared to be a decrease m the 
quantity of the mature tRNA°"™ transcripts in two of the 
three mutant clones to about.50% of the amount present in 
the wild-type clones (Fig. 4). 


4. Discussion 


In an attempt to further characterise the pathogenic 
mechanism of the T14709C tRNA R mutation of mitochon- 
drial DNA, we have constructed transmitochondrial cell 
lines by transferring fibroblast mitochondria from a patient 
previously shown to be heteroplasmic for this mutation [10], 


into the 143B.TK — osteosarcoma rho? cell line. Several 
clones were isolated that contained either exclusively the 
wild-type allele (homoplasmic for 14709T) or the mutant 
allele (homoplasmic for 14709C), and assessed for respira- 
tory chain enzyme activities. No discernible difference in 
respiratory chain function was noted between the homo- 
plasmic mutant and wild-type cybrids. High-resolution 
Northern analysis revealed steady-state levels of tRNAS™ 
transcripts to be subtly decreased in some mutant clones, 
thus highlighting the limitations of these transmitochondrial 
cybrids for the investigation of pathogenic mutations. 

The T14709C transition was first described in two 
families in whom the index case presented with an adult- 
onset myopathy and diabetes mellitus [8,9]; mental retarda- 
tion and cerebellar ataxia was evident in members of one 
pedigree [8]. The mutation affects a highly conserved 
nucleotide flanking the anticodon of the tRNAS", a func- 
tionally important region of the tRNA structure (Fig. 5). 
Incidentally, a mutation (A4295G) at the analogous position 
of the mitochondrial tRNA ° gene has also been docu- 
mented as causing disease [24] The' T14709C- mutation 
was shown to be heteroplasmic and present at high levels in 
skeletal muscle. Muscle biopsy of affected individuals 
revealed mitochondrial accumulations (ragged-red fibres) 
and a proportion of fibres expressing focal defects of 
cytochrome c oxidase (COX-negative fibres) [8,9]. Bio- 
chemical studies in muscle also revealed a defect in the 
activities of complexes I and IV [8—10], consistent with an 
impairment of mitochondrial translation. These data, 
together with the demonstration that COX-negative fibres 
harboured significantly higher levels of mutated mtDNA 
than functionally normal, COX-positive have assigned the 
mutation as pathogenic in accordance with fulfilled accepted 
criteria [25]. To elucidate the molecular mechanism of any 
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Fig 5. Location of the T14709C mutation in the: mitochondrial RNAS" 
gene, highlighting the mucleotide position that 1s' affected (arrow) within 
the cloverleaf secondary structure of the molecule 
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potential pathogenic mutation, however, studying homo- 
plasmic transmitochondrial cybrids remains very much the 
method of choice [12—15]. 

The most puzzling aspect of our results is that the studies 
of the T14709C mutation in cybrids did not reflect the 
biochemical defect (partial complex IV deficiency) ex- 
pressed in mature muscle of our patient, or those seen in 
previously reported cases [8,10]. We believe this may be 
due to a number of reasons, not least the fact that the 
expression of mitochondrial DNA variants is dependent 
upon a combination of nuclear background and mtDNA 
genotype. Non-random segregation of pathological and 
wild-type mtDNA molecules in osteosarcoma and lung 
carcinoma cells has been observed previously in particular 
for the A3243G mtDNA mutation [26] and partially dupli- 
cated mtDNAs [27]. Moreover, Hao et al. [28] have 
observed that under selective pressure, some transmitochon- 
drial cybrids containing essentially homoplasmic levels of 
the G5703A mutation could regain normal mitochondrial 
function, in a process that appears to be associated with 
changes in the nuclear background. As cells respond to the 
presence of a mutation that impairs tRNA function by a 
variety of compensatory mechanisms, this might explain 
why essentially homoplasmic cybrid clones exhibited slight 
differences in the level of tRNA S!" transcripts. 

It is reasonable that the primary molecular consequences 
of the T14709C mutation might be due to a translation 
defect by impairing the translation of glutamate codons, or 
to reduced levels of aminoacylated tRNA®™, Recent studies 
have investigated this possibility in patients with MELAS 
due to the A3243G mutation, following the isolation of 
another mutation (at position 12300) in the anticodon of the 
mitochondrial tRNAL*€UN gene that was able to suppress 
both the protein synthesis defect and respiratory impairment 
of cells harbouring very high levels of mutant mtDNA in a 


lung carcinoma line [29]. Although the suppressor tRNA is - 


efficiently aminoacylated in the lung carcinoma cell line, 
aminoacylation of the tRNAL?'UUB is severely decreased 
[15,30]. These data, together with studies in A3243G 
MELAS biopsy samples that reported decreased amounts 
of aminocylated tRNAL*UUB in some, but not all, biopsy 
samples suggest that the molecular consequences of the 
mutation can be as diverse in vivo as they are in cultured 
cells and are dependent upon the nuclear background [31]. 

The large variation of the clinical phenotype in MIDD 
associated with the T14709C mutation is striking [8,10]. 
Although some of this diversity may be accounted for by 
intra-tissue variability of mutation load, the involvement of 
additional nuclear factors is likely to contribute to the 
phenotypic variability of the MIDD disease. 

In conclusion, the T14709C mutation currently fulfils all 
accepted criteria to be documented as pathogenic. It has 
been detected in several families, is heteroplasmic and is 
associated with a measurable biochemical defect in patient's 
muscle. Our studies indicate that T14709C tRNA C muta- 
tion is insufficient to lead impairment of mitochondrial 


function in these homoplasmic osteosarcoma cybrid clones 
and although reduced levels of mutant tRNAs were 
observed, this may highlight a limitation of the cybrid cell 
system for studying pathogenic mtDNA mutations. More 
extensive work, including the analysis of further cybrids 
with different nuclear backgrounds, will be required before 
the exact correlation between clinical symptoms and state 
level of RNAS" is understood. 
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Abstract 


The annexins are a family of highly homologous Ca?* and phospholipid binding protems. The expressive amounts of several annexins 
have been shown to alter in certain pathological states such as brain ischemia and Alzheimer's disease. It has been demonstrated that ethanol 
induces cytotoxicity, which results 1n brain damage. In this study, we examined the relationship between ethanol-induced cytotoxicity and the 
intrinsic amount of annexins using cell lines (rat glioma C6 cells and human adenocarcinoma A549 cells). A decrease m the mitochondrial 
enzyme (dehydrogenase) activity, which is widely used to measure cytotoxicity, was observed with a high concentration of ethanol (200 mM 
or more) after a 24-h exposure in both C6 and A549 cells. Western blot analysis revealed that the amount of annexin IV was augmented in 
both cells by ethanol, whereas levels of annexins I and V were unchanged. The amount of annexin IV was augmented with mcreasing 
concentration of ethanol. The overexpression of annexin IV ın C6 cells by transfection with annexin IV-DNA enhanced ethanol-induced cell 
lesion and was accompanied by NF«B activation. Thus, it might be indicated that the amount of annexin IV is selectively augmented and this 


augmentation facilitates the development of cell lesion by ethanol 
© 2002 Elsevier Science B.V All rights reserved. 
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1. Introduction 


The annexins are a family of proteins that bind to both 
Ca?* and phospholipids; particularly acidic phospholipids 
[1] Annexins are widely distributed among species and 
tissues, although the precise function of annexins is not fully 
understood. 

Several annexins have been identified in the brain and the 
patterns of annexin expression have been reported to change 
during development of the brain and in pathological states. 
High levels of annexin II are detected in the human fetal 


Abbreviations XTT, (sodium 3-[1-(phenylaminocarbonyl)-3,4-tetra- 
zolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate; PBS, 
phosphate buffered saline, PVDF, polyvinylidene difluoride, CAPS, 
cyclohexylaminopropanesulfonic acid, DMEM, Dulbecco’s Modified 
Eagle’s Medium 
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brain, but it is not detectable in the adult brain [2,3] The 
neuronal cytoarchitectural distribution of annexin VI is 
altered and the expressive amounts of annexins I, II and IV 
are increased in the hippocampus in pathological states such 
as brain ischemia and Alzheimer's disease [4]. The amount of 
annexin I is increased in the astrocytosis of the human brain in 
other pathological states [5]. Moreover, therapeutic effect of 
the administration of annexin I to the experimentally ische- 
mic rat brain was reported [6—9]. We have previously shown 
that the amount of annexin IV was significantly increased in 
the hippocampus of the postmortem brains of alcoholic 
patients, compared with controls [10]. 

Ethanol induces brain damage by unknown mechanisms. 
It has been reported that exposure of isolated neuronal cells 
to ethanol (either 120 mM or more) induces Fas/Apo-1 
mRNA leading to programmed cell death or apoptosis [11]. 
Recently, it was demonstrated that Fas-induced apoptosis 
was accompanied by expressive and locational alterations of 
increasing amounts of several proteins, including annexin 
IV, in cytoplasm of Jurkat T cells [12]. 
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The present study was performed to examine the effect of 
ethanol on the expression of annexins in cultured cells (rat 
C6 glioma and human adenocarcinoma A549 cells) and the 
relationship of this to ethanol-induced cytotoxicity. We 
show that the expression of annexin IV is augmented by 
ethanol but that both annexins I and V are unaffected and 
that overexpression of annexin IV enhances ethanol-induced 
cytotoxicity. 


2. Materials and methods 
2.1. Materials 


Reagents were purchased from the following sources: 
restriction enzymes and DNA-modifying enzymes, Gibco 
BRL (Rockville, MD, USA) and New England Biolabs 
(Beverly, MA, USA); antibiotics and IPTG, Sigma Chem- 
ical (St. Louis, MO, USA); kB oligo nucleotide probe 
and T4 polynucleotide kinase, Promega (Madison, WI, 
USA); molecular weight standards and Protein A-Sephar- 
ose 4B, Amersham Pharmacia Biotech. (Buckingham- 
shire, UK); pET3d vector and BL21(3D) cells, Strategene 
(La Jolla, CA, USA); pcDNA3.1 vector, Invitrogen 
(Carlsbad, CA, USA); Cell proliferation kit H (XTT), 
Roche Molecular Biochemicals (Indianapolis, IN, USA); 
[y-?P]ATP, Perkin-Elmer Life Science Products (Boston, 
MA, USA). 


2.2 Cell culture 


Rat glioma C6 cells (JCRB9096) and human adenocar- 
cinoma A549 cells (JCRB0076) were obtamed from the 
Health Science Research Resources Bank (Osaka, Japan). 
C6 and A549 cells were maintained in continuous log 
phase growth in Nutrient Mixture F-10 Ham and RPMI- 
1640, respectively, containing 10% fetal calf serum at 37 
°C in a humidified incubator containing 95% arr-5% CO, 
atmosphere. The cells were not allowed to reach conflu- 
ence at any time since the cell viability decreased after 
being confluent without adding ethanol. Cells were cul- 
tured in serum-free media for 0.5—1 h prior to the addition 
of ethanol to the culture media and then cultured for the 
indicated times. 


2.3. Preparation of recombinant annexins 


Recombinant human annexin IV was prepared as 
described previously [10]. Rat annexins I and V DNAs 
were prepared based on polymerase chain reaction. Total 
RNA was prepared from: fresh rat brain with an SV Total 
RNA Isolation System (Promega). After synthesis of first 
strand cDNA, annexin I and V genes were amplified by 
PCR with synthesized primers based on the previously 
reported sequence of rat annexins I and V [13,14]. NcoI 
and BamHI restriction sites were introduced at the 5’ and 


3' termini of the coding sequence of both annexins I and V ` 
DNAs, respectively. Ncol/BamHI-digested annexin IV 
DNA was subcloned into expression vector (pET-3d) by 
standard techniques. The DNA clone was used to trans- 
form E. colt strain (BL21 (3D)). Purification of recombi- 
nant annexins I and V was based on Ca?"-dependent 
binding to rat brain lipids by the method of Nelson and 
Creutz [15], and Sohma et al. [16]. The purified proteins 
were dialyzed against 10 mM Hepes (pH 7.0) and 0.1 M 
NaCl and stored at —40 °C until use and used within a 
few months. 


2.4. Antibodies 


Polyclonal antibodies against each annexin were pre- 
pared from rabbits. IgG fractions of anti-annexins I and V 
antisera were then obtained with a Protein-Sepharose 4B 
column. A specific antibody against annexin IV was pre- 
pared with a human recombinant annexin IV-conjugated 
Sepharose 4B column. Each antibody specifically reacted 
with each annexin (Fig. 1). Rabbit antibody againt NFKB 
p65 (sc-372) and goat antibody against actin antibodies (sc- 
1616) were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). 


2.5. Western blotting and densitometric analysis 


After ethanol treatment, culture media was replaced 
with 10 mM phosphate buffered saline (PBS). The cells 
were harvested by pipetting for C6 cells and by using the 
cell scraper for A549 cells, washed once with PBS and 
frozen at — 80 °C. Frozen cells were thawed and 1 mM 
phenylmethylsulfonyl fluoride (PMSF) was added and 
homogenized with a pellet mixer (20 strokes) (Treff Lab. 
Switzerland) in ice and mixed with an equivalent volume 
of PBS, and then sonicated for 10 s at 20 W to homoge- 
neity with a probe sonicator and stored at — 40 °C until 
use. Cell lysates containing 20-ug proteins were subjected 
to polyacrylamide gel electrophoresis 1n the presence of 
SDS (0.1% w/v) (SDS-PAGE) by the method of Laemmli 
[17] and then transferred to polyvinylidene difluoride 
(PVDF) membrane for 12 h at 12 V with transfer buffer 
(10 mM cyclohexylaminopropanesulfonic acid (CAPS) 
(pH 11), and 10% methanol (v/v)). The blots were blocked 
with 396 skim milk m PBS for 1 h and then probed with 
affinity-purified rabbit antibody against human annexin IV 
(1:50 dilution with PBS containing 1 mg/ml BSA), anti- 
annexins I or V IgG (1:500 dilution) or anti-actin antibody 
(1 to 400 dilution) for 1—2 h. The blots were then 
incubated with horseradish peroxidase-conjugated goat 
anti-rabbit IgG or rabbit anti-goat IgG (1:3000 dilution 
with PBS containing 1 mg/ml BSA) (Jackson ImmunoR- 
esearch Laboratories, West Grove, PA, USA). Finally, after 
washing, antibody visualization was performed using a 
SuperSignal West Pico Chemiluminescent Substrate 
(Pierce, Rockford, IL, USA). Washing between incubations 
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Fig 1. Specific recognition by antibody to annexins I, IV, or V Fifty nanograms of recombinant annexins I, IV, and V were resolved in SDS-PAGE and Western 
blotting was performed with anti-annexins I, IV, or V antibody (A) Coomassie blue-stained PVDF membrane; (B-D) Western blot with anti-annexins J, IV, and 


V antibodies, respectively 


was done with PBS containing 296 skim milk and 0.196 
Tween 20. Densitometric analysis of the stained bands was 
performed with an Epi-Light FA500 (Aisin Cosmos R&D, 
Tokyo, Japan). 


2.6. Measurement of cell cytotoxicity (XTT assay) 


To analyze cell lesion by ethanol, the mitochondrial 
dehydrogenase activity that cleaves XTT (sodium 3^[1- 
(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6- 
nitro) benzene sulfonic acid hydrate) (Cell proliferation kit 
IT) was measured according to the instruction manual. Since 
only living cells can cleave XTT to form a formazan 
product, the magnitude of the absorbance at 450 nm is 
proportional to the number of viable cells. Briefly, 1 x 10? 
cells were plated in a 35-mm culture dish and cultured for 
24 h and culture medium was replaced with serum-free 
Nutrient Mixture F-10 Ham for C6 cells and serum- and 
phenol red-free Dulbecco's Modified Eagle's Medium 
(DMEM) for A549 cells and incubated for 0.5—1 h at 37 
°C. Then, ethanol was added to the culture media and 
incubated for the indicated times at 37 °C. After ethanol 
treatment, the culture medium was replaced again with 1 ml 
of serum-free Nutrient Mixture F-10 Ham for C6 cells and 
serum- and phenol red-free DMEM for A549 cells, and 500 
ul of XTT solution was added to each of the culture dishes 
and incubated for 1—2 h more at 37 °C. Two-hundred- 
microliter aliquots of the solution were transferred to a 96- 
well plate and absorbance at 450 nm was measured to detect 
formazan product. 


2.7. Transfection of annexin IV cDNA 


Human annexin IV DNA was prepared by polymerase 
chain reaction as described previously [10], introducing 
Nhel and BamHI restriction sites at the 5’ and 3' termini 
of the coding sequence. The insert ( ~ 1.1 kb, Nhel/BamH1 
fragment) was subcloned into a pcDNA3.1(*) expression 
vector as in the sense orientation. Transfection into C6 cells 
was performed using FuGENE "6 Transfection Reagent 
(Roche Molecular Biochemicals). One microgram and 5 
ug of the plasmid DNA were used for the 35-mm and 100- 
mm culture dish, respectively, according to the instruction 
manual. 


2.8. Preparation of nuclear extract from cultured cells 


Nuclear fractions of cells were prepared by the method of 
Dignam et al. [18] with a slight modification. All proce- 
dures were done on ice. Briefly, 5 x 10° cells were sus- 
pended in 1 ml of buffer A (10 mM Hepes, pH 7.5, 1.5 mM 
MgCl», 10 mM KCl, 1 mM DTT, and 0.5 mM PMSF) and 
lysed by passing them through a 27G-needle connected to a 
1-ml syringe (10 strokes), and then centrifuged at 800 x g 
for 10 min. The pellet was suspended in 1.5 ml of buffer B 
(2.2 M sucrose, 20 mM Hepes, pH 7.5, 5 mM MgCh, and 
0.5 mM PMSF) and centrifuged at 40,000 x g for 1 h. The 
pellet containing the nuclei was suspended with 200 ml of 
nuclear extraction solution (20 mM Hepes, pH 7.5, 0.4 M 
NaCl, 2 mM EGTA, and 0.5 mM PMSF) and incubated in 
ice for 30 min. Finally the solution was centrifuged at 
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80,000 x g for 20 min. The supernatant was stored at — 40 
°C until use. 


2.9. Electrophoretic gel mobility shift assay 


Activation of transcription factor NFkB was examined 
using consensus kB oligonucleotides (S-AGTTGAGGG- 
GACTTTCCCAGGC-3’). A probe was labeled with 
[y-?P]ATP (3000 Ci/mmol) by T4 polynucleotide kinase. 
The ??P-Jabeled probe (1 ul, 20,000 cpm) was added to the 
reaction mixture (9 ul) containing nuclear extract (1 pg), 10 
mM Tris (pH 7.5), 4% glycerol, 0.5 mM EDTA, 1 mM 
MgCl, 50 mM NaCl, and 50 pg/ml poly(dI-dC), and 
incubated for 20 min at room temperature. The mixture 
was subjected to PAGE (596 gel) for 150 min at 100 V. The 
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Fig. 2. Effect of ethanol on the mitochondrial dehydrogenase in C6 and A549 
cells. The mitochondnal dehydrogenase activity was measured as descnbed 
in Materials and methods. Relative enzyme activity of the cells (either C6 (A) 
or A549 cells (B)) after exposure to various concentrations of ethanol for 
either 12 or 24 h was shown, the magnitude of the enzyme activity of un- 
treated control was regarded as 100% Data represent mean + 5 D. of three 
experiments Hatched bars, 12-h exposure; cross-hatched bars, 24-h 
exposure 
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Fig 3 Effect of ethanol on the expressive amounts of annexins I, IV, and V 
1n C6 and A549 cells. Cells were incubated with 200 mM ethanol for 12 h 
and the cell lysate contammg 20 ug was resolved by SDS-PAGE, and then 
transferred to PVDF membrane. Western blotting was performed with the 
specific antibody against each annexin isoform and actin. (A, C) 
Representative Western blots, (B, D) densitometric analysis of the 
intensities of the mmunostamed bands Relative ratio of annexin to actin 
was shown (A, B) C6 cells, (C, D) A549 cells A, O: — , untreated control, 
+, ethanol treatment B, D: hatched bars, untreated controls, cross-hatched 
bars, ethanol treatment. Data represent mean + S D. of three experiments. 
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gel was dried and exposed to X-ray film overnight at 4 °C. 
To verify the specificity of the DNA binding of NF«B, 
competition assay was done by adding a molar excess of 
unlabeled KB oligonucleotides to the reaction mixture 
before the addition of labeled probe. 


2.10 Others 

Protein concentrations were determined by a BCA Pro- 
tein Assay Reagent Kit (Pierce) using bovine serum albumin 
as standard. Statistical analysis was performed by using one- 
way ANOVA, with a value of P<0.05 considered as 
significant. 
3. Results 


To analyze the cytotoxic effect of ethanol in cultured 
cells (C6 and A549 cells), we first measured ethanol- 
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Fig. 4. Ethanol concentration-dependent increase in the amount of annexins 
IV m C6 cells C6 cell were incubated with various concentrations of 
ethanol for 12 h and the cell lysate containing 20 ug was resolved by SDS- 
PAGE and then transferred to PVDF membrane. Western blotting was 
performed with the specific antibody against annexin IV and actin. (A) 
Representative Western blots, (B) densitometric analysis of the intensities 
of the immunostained bands Relative ratio of annexin to actin was shown 
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Fig 5 Effect of overexpression of annexin IV on ethanol-induced cell 
lesion. (A) C6 cells were transfected with either vector alone (pcDNA3 1) 
or annexin IV DNA After transfection, the cell lysate containing 10 ug was 
resolved by SDS-PAGE and then transferred to PVDF membrane Western 
blotting was performed with the specific antibody against annexin IV and 
act Representative Western blots are shown (B) After transfection, the 
cells were incubated with 400 mM ethanol for 12 h. Relative mitochondrial 
dehydrogenase activity of the cells is shown, the magnitude of the enzyme 
activity of the control (without ethanol) (transfected with vector alone) was 
regarded as 100% Data represent mean t SD of three experiments 
Hatched bars, no ethanol, cross-hatched bars, mcubation with 400 mM 
ethanol for 12h — , untreated control, +, ethanol treatment. Data represent 
mean + SD. of three experiments *, significantly different (P<0.05) 
when compared between the two groups. 


induced change in the mitochondrial dehydrogenase activity 
(XTT assay) (Fig. 2). The magnitude of the enzyme activity 
was unchanged with either 50 or 100 mM ethanol in both 
C6 and A549 cells after 12- and 24-h exposure compared 
with the untreated control, while the activity decreased with 
200 or 400 mM of ethanol after either 12- or 24-h exposure 
in C6 cells (Fig. 2A). In A549 cells, the activity was 
unchanged after 12-h exposure with either 200 or 400 
mM of ethanol but decreased after 24-h exposure (Fig. 
2B). These results suggest that C6 cells might be more 
susceptible to ethanol than A549 cells. 


222 


Next, using the antibodies representing specific mterac- 
tion with each annexin (Fig. 1), we performed Western blot 
analysis to monitor the amounts of annexins L IV and V in 
both C6 and A549 cells (Fig. 3). The relative ratio of each 
immunostained annexin band to actin band was compared. 
The intensity of annexin IV band was augmented by a 12-h 
exposure to 200 mM ethanol in both C6 (Fig. 3A) and A549 
cells (Fig. 3C). Densitometric analysis indicated that the 
amount of annexin IV increased by about 1.5 times, com- 
pared with the untreated control (Fig. 3B and D). On the 
other hand, the extent of the changes in the intensities of the 
immunostained bands of both annexins I and V was almost 
comparable with the untreated controls in both C6 and A549 
cells (Fig. 3). Thus, it is possible that expression of annexin 
IV is selectively augmented by ethanol. We next examined 
ethanol-induced increase of annexin IV in C6 cells after 12- 
h exposure to varying concentrations of ethanol (0—400 
mM). The amount of annexin IV increased in an ethanol 
concentration-dependent manner (Fig. 4). 

To further investigate the properties of annexin IV in 
ethanol-induced cytotoxicity, we next performed XTT assay 
using annexin IV-overexpressed C6 cells (Fig. 5). Western 
blot analysis revealed that the amount of annexin IV in the 
C6 cells transfected with annexin IV cDNA rose to at least 
five times (Fig. 5A). After transfection, cells were incubated 
with 400 mM ethanol for 12 h and XTT assay was 
performed (Fig. 5B). Interestingly, the ethanol-induced 
cytotoxicity was enhanced by the overexpression of annexin 
IV. The extent of the ethanol-induced decrease in the 
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mitochondrial dehydrogenase activity was larger in the 
annexin [V-overexpressed C6 cells than in the C6 cells 
transfected with vector alone (Fig. 5B). Thus, increased 
annexin IV is likely to be involved in the enhancement of 
ethanol-induced cell lesion in C6 cells. ` 

It has been demonstrated that ethanol augments the 
transcription factor NFKB activation by cytokines such as 
tumor necrosis factor-a (TNF-a) and interferon a (IFN e) in 
primary cultured cells and cell line [19—21]. To investigate 
if annexin IV modulates the activity of NFkB in the 
presence of ethanol, we analyzed NF«B binding to specific 
oligonucleotides encompassing the consensus sequence of 
KB with the nuclear extracts from the C6 cells by electro- 
pharetic gel mobility shift assay (Fig. 6). It was shown that 
the amount of DNA binding to NFkB was significantly 
larger when the cells transfected with annexin IV-DNA were 
incubated with 400 mM ethanol. In contrast, the amount of 
DNA binding was only slightly increased in the nuclear 
extract from the cells transfected with vector alone (Fig. 6). 
Since the shift bands diminished when an excess amount of 
unlabeled DNA probe was co-incubated (data not shown), it 
was concluded that overexpression of annexin IV enhanced 
NF&B activation by ethanol in C6 cells. Western blot 
analysis with anti-NFKB (65 kDa-subunit) antibody 
revealed that the intensity of the immunostained NFkB 
band with 65 kDa significantly increased in the nuclear 
extract from the annexin IV-overexpressed C6 cells, while 
the amount of the 65 kDa band was only slightly increased 
in the cells transfected with vector alone (Fig. 7). These 
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Fig. 6 Effect of overexpression of annexin IV on NF«B activation by ethanol m C6 cells C6 cells were transfected with either vector alone (pcDNA3.1) or 
annexin IV DNA After transfection, cells were incubated with 400 mM ethanol for 12 h The cells were harvested and nuclear extracts were prepared as 
described m Materials and methods Equal amounts (1 ug) of protein were evaluated ın an electrophoretic gel mobility shift assay by using *?P-labeled NFkB 
oligonucleotide (A) Autoradiography of the gel; (B) densitometric analysis of NFKB-shift bands. — , untreated control, +, ethanol treatment Data represent 
mean + S D of three experments *, significantly different ( P < 0 05) when compared between the two groups. 
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Fig 7 Effect of overexpression of annexin IV m the amount of nuclear 
NF&KB in C6 celis C6 cells were transfected with either vector alone 
(pcDNA3 1) or annexin IV DNA. After transfection, cells were incubated 
with 400 mM ethanol for 12 h. The cells were harvested and nuclear 
extracts were prepared as described in Materials and methods and 10 ug 
was resolved by SDS-PAGE and then transferred to PVDF membrane. 
Western blotting was performed with the specific antibodies against NFkB 
and actin (A) Representative Western blots (B) Densitometric analysis of 
the intensities of the immunostaimed bands Relative ratio of NF«B to actin 
was shown. —, unteated control, +, ethanol treatment Data represent 
mean t S.D of three experiments *, significantly different (P<0 05) 
when compared between the two groups. 


results are consistent with the electrophoretic gel mobility 
shift assay. Thus, the augmentation of annexin IV expression 
by ethanol might facilitate ethanol-induced cell lesion via 
NF«B activation. 


4, Discussion 


In the present study, it was demonstrated that the amount 
of annexin IV was augmented by exposure to ethanol in 
cultured cells (C6 and A549 cells), whereas the amount of 
either annexin I or V was unaltered by ethanol (Fig. 3). The 
increase m the amount of annexin IV was ethanol concen- 
tration-dependent in C6 cells (Fig. 4). The amount of 
annexin IV alsc increased in an ethanol concentration- 
dependent manner in A549 cells (data not shown). These 


results may indicate that annexin IV expression is selectively 
altered by ethanol. 

Mitochondrial dehydrogenase activity measurement has 
been widely used to monitor detection of cell lesion. Using 
this method, it was shown that a high concentration of ethanol 
(>200 mM) induced cell lesion in both C6 and A549 cells 
(Fig. 2). However, the increased amount of annexin IV was 
observed with lower concentration of ethanol (50 or 100 mM) 
than 200 mM (Fig. 3), where the mitochondrial enzyme level 
was the same as control (Fig. 2). It is plausible that the 
increase in the expression of annexin IV occurred at the early 
stage of cell lesion before damage had been induced. 

It has been demonstrated that fetal alcohol syndrome and 
neurological outcome are directly related to the neurotoxic 
effect of ethanol [22]. We previously reported that the 
amount of annexin IV was significantly increased in the 
hippocampus of the postmortem brains of alcoholic patients 
compared with controls [10]. Since the present study 
revealed that the expression of annexin IV is augmented 
by exposure to ethanol in cultured cells, annexin IV might 
be a biological marker for alcoholism. 

The ethanol concentration used in this study seems larger 
than the concentrations measured in sober alcohol users in 
an emergency room, who had average concentration with 
about 60 mM [23]. On the other hand, a high concentration 
of blood ethanol in woman drinkers (165—330 mM) was 
also reported [24,25]. The ethanol concentration used in this 
study is not far from the physiologically relevant concen- 
tration. 

It has been demonstrated that ethanol augments TNF-a- 
induced neurotoxicity, and that ethanol enhanced TNF-a- 
and IFNa-induced activation of NFKB [19,26]. Ethanol 
exposure itself does not alter NFkB activation, but it does 
in the HEP G2 cells transfected with cytochrome P450 2E1 
(CYP2E1) DNA [21]. Since CYP2EI is involved in the 
oxidative metabolism of ethanol, it conceivably contributes 
to ethanol-induced lesion via oxidative stress. In this study, 
it was shown that 200 mM or more of ethanol was needed to 
induce cell lesion when ethanol alone was used as the 
cytotoxic reagent. Since no exogenous cytokine was added 
1n our experimental system, the augmentation of annexin IV 
might have been caused by the direct effect of ethanol. It 1s 
striking that ethanol-induced cytotoxicity was enhanced by 
overexpression of annexin IV in C6 cells (Fig. 5). Only 
slightly enhanced NF«B activity was shown with 400 mM 
of ethanol alone, but overexpression of annexin IV signifi- 
cantly augmented NF«B activity by ethanol (Figs. 6 and 7). 
Since no enzymatic activity for annexin IV has been 
identified, the overexpressed annexin IV might affect other 
unknown enzyme activities that may be involved in oxida- 
tive stress. 

The role of NFkB is now controversial It has been 
reported that NFkB functions to either promote or inhibit 
apoptosis in cells [27]. The present study suggests a 
correlation among enhanced annexin IV expression, etha- 
nol-induced cytotoxicity and NF«B activation. Thus, it is 
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possible that NFkB activation might be involved in the 
cytotoxic effect of ethanol-induced cytotoxicity. 

Annexin IV has been shown to translocate from nucleus 
to cytosol in Jurkat T-lymphocyte during Fas-induced cell 
death [12]. A strong immunostaining of annexin IV in both 
the cytosol and nuclear region was observed in C6 cells after 
12—24-h exposure to 50 or 100 mM ethanol in C6 cells 
(Sohma et al., unpublished data). Moreover, nuclear annexin 
IV diminished after 24-h exposure to 400 mM ethanol and a 
strong staining was observed in the cytosol, suggesting that 
annexin IV in the nuclei translocated to cytosol (Sohma et 
al., unpublished data). These results suggest that annexin IV 
translocation might be related to cytotoxicity by ethanol. 
Furthermore, it will be intriguing to investigate whether 
nuclear annexin IV has a functional role in this process or 
not. 

An antitumor drug or antimitotic compound (A204197) 
increases annexin IV in HCT15 cells [28]. Interestingly, 
transfection of annexin IV cDNA into 293T cells imbued the 
celis with resistance to another antimitotic compound (pacli- 
taxel) [28], indicating that annexin IV contributes to drug 
resistance. In contrast, our data revealed that overexpression 
of annexin IV enhanced ethanol-induced cell lesion. Thus, 
annexin IV involvement in cellular conditions might differ, 
depending on the use of drugs. 

In conclusion, the present study showed that ethanol 
increased annexin IV expression in C6 and A549 cells, but 
no increased expression of annexins I or V was seen. Thus, 
annexin IV expression may be a specific marker for ethanol. 
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Abstract 


Evidence suggests that increased hydrolysis and/or uptake of triglyceride-rich lipoprotein particles 1n skeletal muscle can be involved in 
insulin resistance. We determined the steady state mRNA levels of the low-density lipoprotem-related receptor (LRP) and lipoprotein lipase 
(LPL) in skeletal muscle of eight healthy lean control subjects, eight type 2 diabetic patients and eight nondiabetic obese individuals The 
regulation by insulin of LRP and LPL mRNA expression was also investigated ın biopsies taken before and at the end of a 3 h euglycemic 
hyperinsulinemic clamp (insulinemia of about 1 nM) LRP mRNA was expressed in human skeletal muscle (1 3 + 0.1 amol/ug total RNA in 
control subjects). Type 2 diabetic patients, but not nondiabetic obese subjects, were characterized by a reduced expression of LRP (0.8 + 0.2 
and 1.3 + 0.3 amol/ug total RNA in diabetic and obese patients, respectively; P «0.05 1n diabetic vs. control subjects). Insulin infusion 
decreased LRP mRNA levels m muscle of the control subjects but not in muscle of type 2 diabetic and nondiabetic obese patients. Similar 
results were found when investigating the regulation of the expression of LPL Taken together, these results did not support the hypothesis 
that a higher capacity for clearance or hydrolysis of circulating triglycerides m skeletal muscle is present during obesity- or type 2 diabetes- 


associated msulm resistance. 
© 2002 Elsevier Science B.V All rights reserved. 
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1. Introduction 


Evidence has been accumulated suggesting that increased 
lipid availability in skeletal muscle is a cause of insulin 
resistance in obesity and in type 2 diabetes [1,2]. Based on 
the initial finding by Randle et al. [3], it has been postulated 
that the elevation of circulating free fatty acid concentra- 
tions, as frequently observed in obese and in diabetic 
patients, was one of the culprits in the reduced action of 
insulin [4-6]. A number of observations also suggest that 
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triglyceride availability and hydrolysis in skeletal muscle 
could be involved in insulin resistance [2]. For instance, 
infusion of hpid emulsions, composed of triglycerides, 
reduced insulin action both in humans and animal models 
[5-8]. However, most of the infused lipids combine with 
circulating apoproteins to form lipoproteins that are sub- 
sequently cleared from the circulation [9]! It has also been 
demonstrated that high fat feeding induces insulin resistance 
[10,11]. Dietary fat generally forms chylomicrons that are 
hydrolyzed by lipoprotein lipase (LPL) in adipose tissue and 
skeletal muscle capillaries [12]. Thirty-five years ago, it was 
reported that chylomicrons could inhibit glucose uptake in 
rat heart [13]. Furthermore, overexpression of LPL in mice 
skeletal muscle leads to intramuscular lipid accumulation 
and msulin resistance, without any increase in plasma free 
fatty acid [14,15]. In humans, recent data also clearly 
demonstrated that accumulation of intramyocellular trigly- 
cerides is strongly associated with insulin resistance [16,17]. 
All these results therefore suggest that transfer of lipids from 
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triglyceride-rich lipoprotein particles to skeletal muscle can 
be involved in lipid-induced insulin resistance. 

The low-density lipoprotein (LDL) receptor-related pro- 
tein (LRP) is a large multiligand receptor that belongs to the 
LDL receptor gene family [18] and that has been shown to 
play a role, in cooperation with the LDL receptor, in the 
removal of chylomicron remnants from the circulation [19]. 
In rat adipose tissue, insulin up-regulates LRP gene expres- 
sion, and this effect is thought to be involved in the stim- 
ulation by insulin of the endocytic uptake of remnant 
lipoproteins by adipocytes [20]. In addition, fed rats 
expressed more LRP and accumulated significantly more 
chylomicrons in adipose tissue than did fasted animals [20]. 
In adipose tissue, insulin and feeding also increase the 
expression and activity of LPL, the enzyme that catalyses 
the hydrolysis of triglycerides and thus controls the rate of 
entrance of fatty acids into fat cells [12]. Therefore, in a post- 
prandial situation, a coordinate stimulating action on LRP 
and LPL could lead to an increased uptake of triglycerides 
and fatty acids from remnant lipoproteins in adipocytes. 

Little data is available regarding the regulation of lipid 
uptake in skeletal muscle and its relationship with insulin 
resistance in humans. The expression and the regulation of 
LRP in human skeletal muscle is not known, and only a few 
studies have investigated the expression of muscle LPL in 
pathological conditions of insulin resistance [21—23]. As 
discussed above, increased availability and uptake of lipids 
from triglyceride-rich lipoproteins could be involved in fat 
accumulation within the muscle cells. However, it is not clear 
whether the disturbances in lipid metabolism in skeletal 
muscle result from elevated circulating levels of lipids or 
from higher hydrolysis and clearance of plasma lipoproteins 
and triglycerides in skeletal muscle. According to this latter 
hypothesis, it might be expected that the expression and 
activity of LPL and other proteins involved in lipid transfer, 
such as LRP, are increased in skeletal muscle of insulin- 
resistant patients. The aim of this study was therefore to 
determine LRP and LPL mRNA expression in skeletal 
muscle of insulin-resistant patients. In addition, we have 
investigated the in vivo regulation by insulin of the expres- 
sion of these two genes in muscle from healthy lean controls, 
nondiabetic obese subjects and type 2 diabetic patients. 


2. Materials and methods 
21. Subjects 


Twenty-four subjects (eight lean, eight obese nondiabetic 
and eight type 2 diabetic subjects) who participated in a 
study aiming to investigate the regulation of gene expres- 
sion by insulin in human tissues [24,25], were selected for 
the present work. Their characteristics are presented in Table 
1. None of the healthy lean subjects had a familial or 
personal history of diabetes, obesity or hypertension. None 
of the obese subjects had impaired glucose tolerance as 


Table 1 
Characteristics of the subjects 

Lean Obese Type 2 

diabetic 
n 8 8 8 
M/W 2/6 1/7 4/4 
Age (years) 4644 4345 5242 
BMI (kg/m?) 2341 35+2° 30+1° 
Glucose (mM) 4940.9 500.1 1183: 1 1*5 
Insulin (pM) 41 +5 83 +21° 55+10 
Cholesterol (mM) 55+0.3 5.6 + 0.3 50404 
NEFA (uM) 436 + 42 629 + 61° 652 + 53° 
Triglycerides (mM) 0.8 + 0.1 12x01 1.3 + 0.17 
Clamp study? 
Glucose (mM) 44402 44+0.1 5001" 
Insulin (pM) 1015+ 67 1157+ 157 1153 + 160 
Glucose disposal rate 95415 43+08 41+05" 
(mg/kg/min) 


Plasma metabolite and hormone concentrations were determined after an 
overnight fast 

2 P<0.01 vs lean subjects. 

> P<0.01 vs obese subjects. 

* P«005 vs. lean subjects. 

è Measured during the last hour of the clamp 

* P«0.05 vs obese subjects 


assessed by classical oral glucose tolerance test (2 h plasma 
glucose concentration below 7.8 mM following a 75 g oral 
glucose test, according to the revised American Diabetes 
Association criteria). All participants gave their written 
consent after being informed of the nature, purpose and 
possible risks of the study. The experimental protocols were 
approved by the Ethical Committees of the Hospices Civils 
de Lyon (Lyon, France). 


2.2. Euglycemic hyperinsulinemic clamp 


To investigate insulin action on gene expression, all 
subjects were studied using the euglycemic hyperinsuline- 
mic clamp technique after an overnight fast. The clamp was 
performed as previously described [24,26], with a rate of 
insulin infusion of 450 pmol/m? body surface area/min for 3 
h. Serum insulin concentration was measured by commer- 
cial radioimmunoassay, and serum metabolite concentra- 
tions were determined by enzymatic assays [26]. 


2.3. Skeletal muscle biopsies 


Muscle samples (vastus lateralis) were taken under local 
anesthesia (296 Lidocain without adrenaline), 3 h before and 
at the end of the hyperinsulinemic clamp period by percuta- 
neous biopsies using a Weil Blakesley plier, as previously 
described [24,25]. The average weight of the muscle sam- 
ples were 51 + 4 mg wet weight (n —48) with no difference 
between samples from lean, obese and type 2 diabetic 
subjects or before and after clamp. Possible contamination 
of the muscle biopsies by fat cells was unlikely since the 
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expression level of leptin mRNA was found to be below the 
detection limit of a very sensitive RT-competitive PCR (RT- 
cPCR) assay [27] in these muscle samples (data not shown). 


2 4. Total RNA preparation 


Tissue samples were crushed in liquid nitrogen, and total 
RNA was prepared according to a modified procedure of 
Chomezynski and Sacchi [28]. Average yields of total RNA 
were 25 + 3 ug/100 mg, and were not significantly different 
in tissues from lean, obese and type 2 diabetic subjects, 
before or after the clamp. Integrity of the RNA preparations 
was checked by electrophoresis in agarose gel stained with 
ethidium bromide. Total RNA solutions were stored at — 80 
°C until quantification of LRP mRNA. 


2.5. Quantification of LRP mRNA 


Human LRP mRNA was quantified by RT-CPCR, which 
consists of the co-amplification of target cDNA with known 
amounts of a specific DNA competitor molecule added in 
the same PCR tube [29]. To generate a specific LRP 
competitor DNA, a 440-bp-long cDNA fragment was 
obtained by RT-PCR using 5-TGGAACAGATGGCCATC- 
GAC-3 as sense primer (nucleotides +1311 to +1330 of 
the human LRP cDNA sequence, and 5-CGAGTTGG- 
TGGCATAGAGAT-3’ (nucleotides +1731 to +1750) as 
antisense primer. The competitor was obtained by deleting 
30 bp (from nucleotide +1330 to +1360) using a PCR- 
based mutagenesis strategy as described by Schneeberger 
and Zeillinger [30]. The LRP competitor fragment (406 bp) 
was subcloned (pGEM-T, Promega) and the plasmid was 
purified, carefully quantified and stored at — 20 °C. Work- 
ing solutions (20 amol/ul to 10~ 2 amol/ul) were prepared 
by serial dilutions in 10 mM Tris-HCl (pH 8.3), 1 mM 
EDTA buffer. 

For the assay of LRP mRNA, the-reverse transcription 
reaction was performed from 0.2 ug of tissue total RNA with 
2.5 U of thermostable reverse transcriptase (Tth, Promega, 
Charboniéres, France), in the presence of 15 pmol of LRP- 
specific antisense primer. The conditions of the reaction have 
been described in detail previously and warranted optimal 
synthesis of first-strand cDNA [29]. For the competitive PCR 
amplification, the reverse transcription medium was added to 
a PCR master mix (10 mM Tris-HCl pH 8.3, 100 mM KCl, 
0.75 mM EGTA, 5% glycerol) containing 0.2 mM deoxy- 
nucleoside triphosphates, 5 U of Taq polymerase (Life 
Technologies, Cergy Pontoise, France), 30 pmol of LRP 
antisense primer and 45 pmol of LRP sense primer. The 
sense primer was 5"-labeled with the CY-5 fluorescent dye 
(Eurogentec, Seraing, Belgium). The final volume was 100 ul 
and four aliquots of 20 ul were transferred to 0 5-ml micro- 
tubes containing 5 ul of a defined working solution of the 
LRP competitor. After 120 s at 94 °C, the PCR mixtures were 
subjected to 40 cycles of PCR amplification with a cycle 
profile including denaturation for 60 s at 94 °C, hybridization 


for 60 s at 58 °C and elongation for 60 s at 72 °C. The PCR 
products were separated and analyzed by polyacrylamide gel 
electrophoresis (696) using a ALFexpress DNA sequencer 
(Pharmacia, Upsala, Sweden) and the Fragment Manager 
software (Pharmacia). The RT-cPCR assay of LRP mRNA 
was validated using known amounts of an in vitro synthe- 
sized LRP RNA fragment (Riboprobe System, Promega), as 
recommended [29]. LPL mRNA levels were determined 
using a RT-cPCR assay previously described [26]. 


2.6 Statistical analysis 


All data are presented as mean + S.E. between group 
comparisons were done using Kruskal- Wallis one-way 
ANOVA followed by Mann- Whitney U-test when the 
ANOVA indicated a significant difference. Wilcoxon's test 
for paired values was used when comparing mRNA levels 
before and after clamp. Correlation.coefficients were calcu- 
lated using Spearman's test. P « 0.05 was considered statisti- 
cally significant. 


3. Results 


Under basal conditions, after an overmght fast, LRP 
mRNA is expressed 1n human skeletal muscle as shown in 
Fig. 1. When comparing the mRNA levels of LRP in the 
muscle of healthy lean control, type 2 diabetic and non- 
diabetic obese subjects, the Kruskal— Wallis test indicated a 
tendency for a difference (P— 0.097). The non-parametric 
Mann- Whitney U-test showed that type 2 diabetes, but not 
obesity, was associated with a significant ( P 0.035) reduc- 
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Fig 1 Basal mRNA levels of LRP m skeletal muscle from lean, obese 
nondiabetic and type 2 diabetic subjects The steady’ state concentrations of 
LRP-mRNA were determined by RT-cPCR in skeletal muscle biopsies taken 
after an overnight fast m healthy lean subjects, obese nondiabetic and type 2 
diabetic patients as mdicated under Materials and methods Data are 
meant SE *P«005 t 
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tion in the abundance of LRP mRNA (Fig. 1). When the data 
of the control subjects and the type 2 diabetic patients were 
analyzed together, there was a trend for a negative correlation 
between fasting insulinemia and basal LRP mRNA. levels 
(r= — 0.50, P= 0.058). This correlation was not found when 
the obese subjects were included in the analysis. Skeletal 
muscle LRP mRNA concentration was not associated with 
either fasting glycemia, plasma non-esterified fatty acid 
concentrations, plasma triglyceride concentrations, plasma 
cholesterol concentrations or insulin-stimulated whole body 
glucose uptake (data not shown). In the same tissue samples, 
LPL mRNA expression was significantly lower in type 2 
diabetic patients than in control subjects (14 + 3 vs. 54 + 6 
amol/mg of total RNA, P- 0.006). In addition, reduced LPL 
expression was also observed in the muscle ofthe nondiabetic 
obese subjects (23 + 5 vs. 54 + 6 amol/mg of total RNA, 
P 0.04). There was no correlation between LRP and LPL 
mRNA levels in skeletal muscle. It should be noted that in 
contrast to LRP and LPL, the mRNA levels of a number of 
other genes, such as p-actin, insulin receptor and Glut 4, were 
not different between groups in muscle preparations from the 
same type 2 diabetic and obese subjects (data not shown), as 
previously reported [25]. 

Hyperinsulinemia for 3 h produced a significant 
(P=0.012) decrease in LRP mRNA levels in the skeletal 
muscle of lean control subjects (Fig. 2). In contrast, LRP 
mRNA expression was not modified during the hyperinsu- 
linemic clamp in the muscle of obese nondiabetic subjects 
or of type 2 diabetic patients. Similar changes were 
observed in response to insulin for LPL expression (Fig. 
3). LPL mRNA levels were significantly reduced during the 
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Fig 2 Regulation of LRP mRNA expression by insulin Acute 180 mm 
insulin infusion significantly decreased the expression of LRP mRNA in 
skeletal muscle of lean subjects (P=0.012) but not of obese nondiabetic 
(P=0 575) or type 2 diabetic subjects (P=0.735) 
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Fig 3 Regulation by msulm of LPL mRNA levels. The concentrations of 
LPL mRNA were determined by RT-cPCR in skeletal muscle biopsies 
taken before (open boxes) and at the end (closed boxes) 3 h of 
hyperinsulinemic clamp in control subjects, obese nondiabetic and type 2 
diabetic patients Insulin infusion significantly decreased the expression of 
LPL mRNA m skeletal muscle of lean subjects (P=0 018) but not of obese 
nondiabetic ( P—0 345) or type 2 diabetic subjects (P=0.499) Data are 
means + S.E *P«005 vs control subjects 


hyperinsulinemic clamp in control subjects (— 21 + 8%, 
P= 0.018), but not in type 2 diabetic and in obese patients. 


4. Discussion 


In this study, it was demonstrated that LRP was 
expressed in human skeletal muscle and that insulin infusion 
for 3 h reduced LRP mRNA levels in healthy lean subjects. 
Furthermore, there was an about 2-fold reduction in the 
abundance of LRP transcripts, and a lack of response to 
insulin infusion, in the muscle of type 2 diabetic patients. 
Similar results were observed for LPL mRNA expression. 

LRP has been shown to be involved, among other 
functions [31], in the removal of chylomicron remnants 
from the circulation [19]. It 1s mainly expressed m liver and 
adipose tissue where most of the clearance of chylomicrons 
occurs [31]. The presence of LRP mRNA, although at rather 
low levels (about 10-fold less LRP than LPL transcripts) in 
human muscle and the fact that its expression was regulated 
by insulin, suggest that LRP protem might be expressed at 
the membrane of the myocytes and have a biological 
function. With respect to liver and adipose tissue, skeletal 
muscles are not considered as major sites of chylomicron 
removal but evidence suggests that higher targeting of 
lipoproteins and increased lipid uptake may play a role in 
the development of insulin resistance [2]. It is indeed well 
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demonstrated that infusion of lipid emulsions, composed of 
triglycerides that form lipoproteins in the circulation [9], 
reduced insulin action both in humans and animal models 
[5—8]. Furthermore, high fat feeding induces muscle insulin 
resistance [10,11], and dietary fat generally forms chylomi- 
crons that are hydrolyzed by LPL in adipose tissue and 
skeletal muscle capillaries [12]. Therefore, an mcreased 
capacity for the transfer of lipids from triglyceride-rich 
lipoprotein particles to the muscle cells can be involved in 
lipid-induced insulin resistance. We found here that there is 
no evidence for higher expression of either LRP or LPL, the 
rate-limiting enzyme for the uptake of fatty acids from 
circulating triglycerides, in muscle of insulin-resistant sub- 
jects. Even more, there was a marked reduction in the 
mRNA levels of both LRP and LPL in skeletal muscle of 
type 2 diabetic patients. If the changes in mRNA abundan- 
ces are translated into a reduction in LRP and LPL proteins 
and activities, one must thus assume that skeletal muscle of 
insulin-resistant subjects do not have increased capacity for 
removal of triglycerides from the circulation. Regarding 
LPL, the observed reduction in mRNA levels is in keeping 
with a decreased LPL activity found in muscle of insulin- 
resistant subjects [21]. For LRP and the other proteins 
involved in the removal of circulating lipoproteins and the 
uptake of lipids, further studies are required to verify 
whether their activity is altered in insulin resistance. Never- 
theless, we have recently reported that the mRNA expres- 
sion of the fatty acid transport protein-1 (FATP-1) is reduced 
in skeletal muscle of insulin-resistant women [32]. In 
addition, it has been shown that the uptake of long chain 
fatty acids in skeletal muscle is reduced in fasting conditions 
in type 2 diabetic patients [33], and that the uptake of fatty 
acid across the leg is decreased in women with visceral 
obesity and insulin resistance [34]. Taken together, these 
data strongly suggest that insulin resistance is not charac- 
terized by higher capacities for the capture and uptake of 
lipids in skeletal muscle. Therefore, increased availability of 
triglycerides and fatty acids due to higher circulating con- 
centrations, or altered intracellular lipid metabolism, seem 
more likely to explain the relationship between lipids and 
insulin resistance [1,2]. This might in turn down-regulate 
the expression of the genes coding for the proteins involved 
in lipid uptake (like LPL and LRP) through mechanisms that 
are not yet determined. 

Previous studies have clearly demonstrated that LRP gene 
expression was up-regulated by insulin in vivo in rodent 
adipose tissue [20]. In adipocytes, LRP mRNA increased 
within minutes after the cells were exposed to physiological 
concentrations of insulin [20]. In other cells, such as macro- 
phages [35], insulin also increased LRP mRNA levels and 
LRP activity, in a dose- and time-dependent manner. More- 
over, insulin action on LRP expression involved both the PI 
3-kinase and Ras/MAPkinase signaling pathways in macro- 
phages [35]. These data demonstrated that LRP gene is a 
bona fide target gene of insulin. In our study, LRP gene 
expression also appeared to be regulated during insulin 


infusion. However, 3 h of hyperinsulinemia reduced LRP 
mRNA levels in skeletal muscle of the lean control subjects. 
Similar down-regulation by insulin was observed for LPL 
mRNA, in agreement with a previous study [26]. Therefore, 
there is an opposing action of imsulin in muscle and in 
adipocytes on LPL and LRP gene expression. This result is 
ın keeping with the expected biological effects of insulin 
which promotes an orientation of the flux of lipids to adipose 
tissue where they are stored and a reduction in lipid utiliza- 
tion in muscles, favoring glucose uptake. Our results showed 
that the regulation by insulin of the balance between lipid 
and glucose metabolisms in skeletal muscle also occurs at the 
transcriptional level. For instance, it has been reported that 
insulin up-regulates the expression of several genes coding 
proteins of glucose metabolism, such as Glut 4 [25,26,36,37] 
or hexokinase II [25,38] and we showed here that insulin 
down-regulates the expression of genes involved in the 
uptake of lipids, such as LPL and LRP. 

The effect of insulin on LPL and LRP expression is 
altered in muscle from nondiabetic obese subjects and type 
2 diabetic patients. Defective regulation by insulin of gene 
expression has been previously documented in diabetic 
patients [25,36 -38]. We have demonstrated that the altered 
regulation of hexokinase II, p85aPI 3-kinase and the tran- 
scription factor SREBPIc was encountered in type 2 dia- 
betic patients and not in nondiabetic obese subjects, 
suggesting that type 2 diabetes is characterized by specific 
transcriptional alterations which are not directly linked to 
insulin resistance [25]. In the same group of subjects, 
however, the regulation by insulin of other gene, such as 
Glut 4 [25], was found to be impaired both in type 2 diabetic 
patients and in nondiabetic obese subjects, suggesting that 
this defect was likely a consequence of insulin resistance. In 
this study, the effect of insulin on LRP and LPL mRNA 
expression was also altered in type 2 diabetic patients and in 
nondiabetic obese subjects, indicating that the defect, as for 
Glut 4, probably results from the reduced insulin action in 
the muscle of these subjects. 

In conclusion, this study showed that LRP was expressed 
in human skeletal muscle and that insulin, in vivo, decreased 
its mRNA levels in muscle of insulin-sensitive control 
subjects. In type 2 diabetic patients, the expression levels 
of muscle LRP mRNA was significantly reduced compared 
to healthy subjects and the regulation by insulin was altered. 
Similar results were found for LPL transcripts. Taken 
together, these results did not support the hypothesis that a 
higher hydrolysis and/or uptake of triglyceride-rich lipopro- 
tein particles in skeletal muscle can be involved in obesity- 
and type 2 diabetes-associated insulin resistance. 
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Abstract 


The effects of the antibacterial peptide PR-39 on nitric oxide (NO) and liver oxygenation (pO;) in a mouse model of endotoxaem1a have 
been explored. In vivo electron paramagnetic resonance (EPR) spectroscopy was used to make direct measurements of liver NO and pO;. 
Measurements of pO; were made at two different anatomical locations within hepatic tissue to assess effects on blood supply (hence oxygen 
supply) and lobule oxygenation, selectively from the liver sinusoids or an average pO» across the liver lobule. PR-39 induced elevated levels 
of liver NO at 6 h following 1njection of ltipopolysaccharide (LPS) as a result of increased iNOS expression in liver, but had no effect on 
eNOS or circulatory NO metabolites Sinusoidal oxygenation was preserved, and pO; across the hepatic tissue bed improved with PR-39 
treatment We propose that the beneficial effects of PR-39 on liver in this septic model were mediated by increased levels of local NO and 


preservation of oxygen supply to the liver sinusords. 
© 2002 Elsevier Science B.V. All nghts reserved. 
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1. Introduction 


PR-39, a proline-rich antibacterial peptide was first iden- 
tified and isolated in pig intestines [1] and later from 
neutrophils [2]. Unlike most antibacterial peptides that kill 
bacteria by lysis, PR-39 has been shown to halt protein 
and DNA synthesis [3] to work as a neutrophil chemo- 
attractant [4] and has also been implicated in wound 
repair [5]. Recently, Gao et al. [6] demonstrated PR-39 
inhibition of NF-«B-dependent gene expression, suggest- 
ing that this antibacterial peptide may have a potential 
role during infection and inflammation. Our interest m 
PR-39 stems from its potential to inhibit superoxide 
production by NADPH oxidase [7] and promote cellular 
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adaptation to hypoxia [8]. In particular, whether PR-39 
could influence NO availability and tissue oxygenation in 
septic shock. 

Lipopolysaccharide (LPS), a constituent of the Gram- 
negative bacterial outer membrane, plays a critical role in 
the pathogenesis of septic shock. Although it has long been 
recognised that LPS induces a cascade of inflammatory 
mediators such as cytokines and reactive oxygen and nitro- 
gen species (e.g. superoxide (O> ) and nitric oxide (NO)) 
[9], little is known about the pathophysiological mecha- 
nisms underlying the tissue damage that occurs during 
multiple organ failure (MOF). Microvascular abnormalities 
[10] and inhibition of oxygen utilization [11] are thought to 
contribute to this tissue damage, however, the role of excess 
NO in relation to these mechanisms and the resulting defects 
in tissue oxygenation remain to be elucidated directly in 
experimental models of sepsis in vivo. ` 

Conflicting data exists on the putative role of NO during 
sepsis. Nitric oxide synthase (NOS) inhibitors have been 
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used in animal models of sepsis [12] although investigators 
have generally focussed on the preservation of circulatory 
haemodynamics, and only limited emphasis has been placed 
on whether inhibition of iNOS actually alleviated tissue 
damage and improved mortality [13,14]. Contrary to this, it 
is becoming increasingly apparent that NO itself may have 
protective functions (including maintenance of vascular tone 
and neutralising of other reactive oxygen species). Cobb et 
al. [15] recently demonstrated that wild-type mice show 
improved survival compared with iNOS knockout mice 
when subjected to cecal ligation and puncture (CLP). In 
addition, the work of Saavedra et al. [16] used a liver- 
specific NO donor to reduce LPS-induced liver injury in 
mice. 

Other oxygen-derived radicals also contribute to local- 
ised tissue damage, particularly in liver. Harbrecht et al. [17] 
demonstrated that when mice were subjected to N°-mono- 
methyl-L-arginine (L-NMMA) and superoxide dismutase 
(SOD), the detrimental effects of L-NMMA alone (i.e. lack 
of NO) were reduced because SOD eliminated hepatic 
damage by superoxide and peroxynitrite. Thus, both circu- 
latory and local effects on tissue contribute to eventual 
organ failure, and NO, either directly or indirectly plays a 
critical role in both. Treatment of any one of these compo- 
nents may not necessarily alter eventual survival. 

We have previously described direct in vivo measure- 
ments of NO and pO; using electron paramagnetic reso- 
nance spectroscopy (EPR) during LPS-induced sepsis [18]. 
Quantification of liver NO was undertaken using diethyldi- 
thiocarbamate (DETC) and iron to complex with NO in the 
liver and give rise to a characteristic (EPR) signal. Measure- 
ments of pO; were made using gloxy (an oxygen-sensitive 
paramagnetic material [19]). Direct in vivo measurements of 
pO, can also be made at two different anatomical locations 
within the liver, either as pO; specifically from the sinusoids 
or as average pO» across the hepatic tissue bed [20]. 

The present study was undertaken to explore the effects 
of PR-39 in a mouse model of endotoxin (LPS)-induced 
sepsis which is well characterized in our laboratory and 
provides a haemodynamic model of sepsis over 6 h. We 
were specifically interested to evaluate the effects on NO 
levels (circulating versus local) and tissue oxygenation. Shi 
et al. [7,21] demonstrated increased iNOS expression and 
reduced oxidative damage to liver in mice subjected to LPS 
challenge. The sepsis model utilised in these studies 
involved priming the mice with galactosamine, providing 
a liver-specific model in which liver toxicity to LPS is 
greatly enhanced and the longer term effects of oxidative 
damage to tissue are brought forward. Based on these 
results, we hypothesized that PR-39 may influence iNOS 
expression directly in the liver as well as inhibit superoxide 
production, resulting in increased availability of NO that 
might influence liver oxygenation: We report here that PR- 
39 increased NO levels locally in liver, preserved sinusoidal 
perfusion and oxygenation across the hepatic bed during an 
induced septic episode. 


2. Materials and methods 
2.1. Chemicals 


Male Balb/C mice (18—20 g), purchased from Charles 
River Laboratories were used throughout. The chemicals 
used in these studies were as follows: LPS (isolated from 
Escherichia coli, serotype 0111:B4), DETC, ferrous sulfate 
(FeSO,) and sodium citrate were all obtained from Sigma 
Chemicals Co., St. Louis, USA. PR-39 was synthesised by 
the solid-phase method, using t-boc chemistry as previously 
described [21]. Gloxy, coal blend was obtained from Filter 
Anthracite Ltd., Ammanford, South Wales, UK. Oxygen- 
sensitive material was selected as previously described [19]. 


2.2. Treatment groups 


To evaluate the effects of PR-39, LPS and the combined 
effects of PR-39 + LPS, mice were assigned to one of the 
following treatment groups: (D LPS 10 mg/ml in saline 
(intraperitoneally; 40 mg/kg body weight); (ID PR-39 (4.12 
mg/ml in saline; 20.6 mg/kg body weight); (III) co-treat- 
ment with LPS and PR-39 (given the same dosage as I and 
ID; and (IV) a control group of mice injected with pyrogen- 
free saline (100 ul). This LPS model is well established in 
our laboratory and effectively reproduces a haemodynamic 
model of sepsis [18]. 


2.3. Direct in vivo measurement of NO and pO; in liver 


We have previously demonstrated simultaneous measure- 
ment of tissue pO; and NO in vivo [18]. This is possible 
because the EPR signal arising from gloxy and that from the 
trapped NO complex have different positions in the mag- 
netic field and the resulting EPR spectrum. However, where 
the spectral line width reported from Gloxy is broad 
(reflecting high tissue pO), interference in the spectral 
signal arising from Gloxy and the trapped NO complex 
may result in the inability to accurately measure Gloxy line 
width. In the studies reported here, because Gloxy slurry 
administered i.v. resided in or close to the liver sinusoids, a 
broad spectral line width (i.e. high pO2) was measured. The 
pO» and NO trapping measurements presented in this paper 
were therefore conducted on separate animals. Ex vivo 
determination of blood levels of NO derivatives, however, 
was carried out on animals following EPR oximetry. 


2.3.1. In vivo measurements of nitric oxide 

The NO trapping agent Fe/DETC was administered by 
injecting each mouse with DETC (500 mg/kg, i.p.), immedi- 
ately followed by Fe;SO, and sodium citrate (50 and 250 mg/ 
kg, respectively, subcutaneously, lower leg). This was pre- 
pared m a hypoxia chamber (InVivO2 400; Fred Baker 
Scientific) so as to minimise the possibility of ferric/DETC 
complex formation that might result in spin trapping nitroxyl 
anion. 
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Fifteen minutes after Fe/DETC administration, the mouse 
was anaesthetised with 1.4% isoflurane. The mouse was 
restrained in a supine position and then placed inside a 
“whole-body” resonator of an L-Band EPR spectrometer. 
The liver was the area of interest so the upper abdomen of 
the mouse was positioned within the active site of the 
detecting resonator. EPR spectra were recorded with the 
following mstrumental settings: 100 G field scan; 60 s scan 
time; 0.1 s time constant; 2.0 G modulation. The NO—Fe— 
(DETC), complex formed gave rise to an EPR triplet signal. 
This signal was measured 30 min after Fe/DETC admin- 
istration. For each mouse, we observed an initial accumu- 
lation of this triplet signal before equilibrium was 
established between signal accumulation and decrease. 
The latter arising from a combination of EPR signal reduc- 
tion, possible cessation of NO synthesis, and clearance of 
NO-Fe-(DETC), from the tissue. The maximum signal 
amplitude at the equilibration point of NO-Fe-(DETC); 
was taken as a level of NO for comparison between mice. 

Since DETC/Fe was used to complex with NO in vivo in 
these studies, it was important to consider whether DETC/ 
Fe itself induced changes in the parameters we were 
measuring. We have previously demonstrated DETC/Fe 
did not have a significant effect on pO; [18] m a mouse 
model of sepsis. Furthermore, administration of DETC/Fe to 
control mice did not significantly affect mean arterial blood 
pressure or levels of circulating metabolites. 

Although nitroxyl anion (NO `) can react with a related 
chelator, methyl—glucamine—dithiocarbamate (MGD) and 
recent evidence suggests that NO ^ is the primary reaction 
product of neuronal NOS [22], these recent findings were 
obtained in vitro and under conditions where trap concen- 
tration was high and NOS/NO production low compared to 
our in vivo septic model of iNOS overexpression. 


2.3.2. In vivo EPR oximetry 

Measurements of partial pressure of oxygen (pO5) were 
made using the paramagnetic material gloxy [19]. Gloxy 
was administered by one of the two following techniques; 
(I) i.v. administration of a fine slurry of gloxy, or (II) 
implantation of gloxy particles directly into the liver. His- 
tological examination of tissue slices revealed that the slurry 
of fine particles injected 1.v. distributed mainly to the liver, 
and was confined within the hepatic smusoidal capillaries. 
In contrast, the larger gloxy particles injected directly in the 
liver apparently localised to the implantation site. Thus, 
selective measurements of pO» were possible at two differ- 
ent anatomical locations within hepatic tissue. Measurement 
of pO; by the “slurry” method was used to reflect supply of 
oxygen to the sinusoid, whereas “particle” measurements 
reflected average pO» across the liver lobule. The difference 
in pO, between these sites was taken to reflect oxygen 
utilization across the liver lobule. 


2.3.2.1. Gloxy slurry. One-hundred microliters was admin- 
istered intravenously via the lateral tail vein. Slurry was 


produced by grinding gloxy using a pestle and mortar, 
suspending it 1n sterile saline, and filtering it through a 
20-um mesh. The mean particle size 1n the prepared slurry 
was found to be 1.1 um with >80% being smaller than 3 pm. 
The distribution and inertness of gloxy slurry administered 
iv. to mice [19] was similar to that found with adminis- 
tration of India Ink which distributes almost exclusively to 
Kupffer cells of liver [20]. Histological examination of 
gloxy slurry in liver shows remarkable homogeneity in 
micro-particle size with no apparent affect on cells or 
surrounding tissue [23]. 


2.3.2.2. Gloxy particles Fifty to two-hundred micro- 
meters, chosen manually usmg a microscope and cell 
hemocytometer scale. Mice were anaesthetised with 1.4% 
isoflurane and a laparotomy was performed. The particles 
were injected using a 22-gauge needle. This contained a 
length of wire used to displace the gloxy from the needle 
directly into the liver tissue. 

Forty-eight hours following administration of gloxy, 
baseline pO; was measured for each mouse using an L- 
Band EPR spectrometer with a “whole-body” loop-gap 
detecting resonator operating at 1.1 GHz. Typical spectrom- 
eter settings were: scan range, 10 G; scan time, 60 s; 
modulation amplitude was kept to one-third of the recorded 
line width in order to prevent artificial line broadening and 
potential over-estimation of pO2. The mice were then 
assigned to one of the treatment groups. We focussed our 
pO studies on 6 h following LPS because this corresponded 
with the peak in tissue and circulating NO in this model. 
Mice were anaesthetised and placed into the whole-body- 
detecting resonator 5 1/2 h after the administration of the 
different treatments (as for the measurement of NO). pO; 
was calculated by measuring peak-to-peak line width of the 
first derivative spectral signal [19]. A 60-s scan time was 
used, and spectra were recorded every 3 min for up to a 
period of 1 1/2 h. The line width was converted to pO; by 
comparison with a calibration of either gloxy slurry or 
particle line width against known O; tensions. The meas- 
ured line width at a given pO? depends on whether a particle 
or slurry is used. The pO; values reported in this study 
reflect true differences in tissue pO» at specific anatomical 
locations, since they were calculated from the appropriate 
calibration curve, rather than differences in slurry versus 
particle line width or physical properties of the gloxy (such 
as size and surface area). 


2.3.2.3. Blood flow. An ultrasound flow device (Transonic 
systems) was used to monitor blood flow through the 
hepatic artery. These measurements were relatively invasive 
and extremely sensitive to positioning of the flow probe, we 
therefore measured flow m separate groups of mice (i.e. 
flow was not measured in animals in which pO; and NO 
measurements were made). We ensured that implantation of 
gloxy itself (particles or slurry) bad no effect on flow 
through the hepatic artery by comparing flow measurements 
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in animals with and without prior gloxy implantation. 
Typically, in anaesthetised animals, an incision was made 
in the upper right peritoneal region. This was large enough 
to allow access to the hepatic vessels and placement of the 
flow probe. The shaft of the flow probe was 2 mm in 
diameter and semi-rigid, and was held in position using a 
micro-manipulation device. The mcision was closed and 
sutured around the probe shaft. Animals were then allowed 
to equilibrate for 30 min prior to taking flow readings. We 
focussed our studies to taking flow readings every 5 min 
between 5.5 and 6.5 h post-saline, LPS, or LPS +PR-39 
injection (in order to compare with pO; and NO measure- 
ments). In order to achieve this, surgery to position the flow 
probe was initiated 4 h into the septic episode. 


2.4. Determination of blood levels of NO derivatives 


2.4.1. Measurement of nitrosyl hemoglobin (HbNO) 

Binding of NO to deoxyhaemoglobin results in the 
formation of nitrosylhemoglobin (HbNO) which can be 
measured by EPR spectroscopy [24]. HbNO levels were 
determined by cryogenic EPR of a frozen red cell suspen- 
sion. Briefly, blood samples were obtained by cardiac 
puncture 6 h after treatment. Approximately 500 ul of blood 
was collected into an Eppendorf tube containing EDTA. 
Blood samples were immediately centrifuged and the 
plasma component was removed and stored at — 70 °C. 
Approximately 150 ul of the red blood cells were then 
transferred into a 0.5 ml insulin syringe and immediately 
placed into liquid nitrogen. The samples were then stored at 
—70 °C until analyzed. 

X-band EPR analysis of HbNO was carried out by 
placing the samples in an EPR finger dewar containing 
liquid nitrogen. Typical instrumental settings were; modu- 
lation 4 G; microwave power 10 mW; scan range 200 G, 10 
min scan. 


2.4.2. Measurement of nitrite and nitrate (NO,) 


Nitrite and nitrate concentration was assayed using a . 


procedure by Misko et al. [25]. Briefly, the plasma samples 
were filter-centrifuged (Sartorious Vivaspin 500 mem- 
branes) at 10,000 x g for 30 min at room temperature. 
For total nitrite and nitrate determination, 50 yl of filtrate 
was combined with 10 ul of NADPH (10 uM), 40 ul of 
phosphate buffer. To determine the amount of nitrate, 50 ul 
of filtrate was combined with 10 pl of NADPH (10 uM) 
and master mix (equal quantities of glucose-6-phosphate (5 
mM), sodium phosphate buffer (14 mM) and nitrate 
reductase (0.8 U/ml)). Standards for both nitrite and nitrate 
were prepared from the corresponding sodium salt (stand- 
ard concentration ranging from 1 to 200 uM). The mixture 
was incubated at 37 °C for 1 h. After 1 h incubation, 10 ul 
of naphthylethlene diamine (DAN; 0.62 M) was added to 
the mixture and was then incubated for a further 10 min at 
room temperature. After 10 min incubation, the reaction 
was stopped by adding 5 ul of sodium hydroxide (2.8 M). 


The fluorescence was read at emission 450 nm and 
excitation 365 nm, 10 min following the addition of 
sodium hydroxide. Nitrate concentration was calculated 
by subtracting the nitrite concentration from the total nitrite 
and nitrate value obtained after the nitrate reduction 
process (NO,2 NO; *NO3 ). 


2.5. Measurement of eNOSANOS protein expression using 
Western blotting 


Mice were treated for 6 h and sacrificed following 
anaesthetisation with isoflurane. Liver tissues were excised 
and were frozen in liquid nitrogen and stored at — 80 °C 
until tissue extraction. 


2.5.1. Preparation of liver extracts 

Frozen liver tissue was weighed and homogenized 
(Pierce Tissue Grinder Kit) in boiling lysis buffer (10 mM 
Tris, pH 7.4, 1.0 mM sodium orthovanadate, 1.0% SDS). 
Protein was determined with a Micro Bovine Serum Albu- 
min (BSA) Protein Assay Reagent kit (Pierce). 


2.5.2. Western blot analysis 

Tissue homogenates were heated for 5 min at 95 °C in 
cracking buffer (1 ml 2—mercaptoethanol, 2 ml glycerol, 0.4 
g SDS, 0.2 g PMSF (100 x ), 20 mg bromophenol blue, 20 
ml of distilled water). The proteins (40 ug of protein/lane) 
were then separated by SDS-polyacrylamide gel electro- 
phoresis (PAGE) in 7.5% resolving gels, and blotted onto 
nitrocellulose membranes: (Hybond-ECL) in a semi-dry 
electrophoretic transfer cell (Trans-Blot; Bio-Rad). Nitro- 
cellulose membranes were incubated in blocking solution 
(4.5 g NaCl; 0.6 g Tris; 250 n1 Tween 20 made up to 500 ml 
with distilled water) overnight at room temperature. The 
membranes were incubated for 2 h at room temperature with 
mouse monoclonal anti-iNOS (N32030, Transduction Lab- 
oratories) diluted 1:2500 in blocking solution or rabbit 
polyclonal. anti-eNOS (Transduction Laboratories) diluted 
1:1000 in blocking solution. Thereafter, membranes were 
washed five times for 30 min in washing solution (4.5 g 
NaCl; 250 ul Tween 20. made up to 500 ml with distilled 
water). They were then incubated for 2 h at room temper- 
ature with the secondary antibody (rabbit anti-mouse HRP 
conjugate (A9044, Sigma)) diluted 1:10,000 in blocking 
buffer. The membranes were then washed five times for 30 
min in washing buffer and developed using ECL Plus 
detection kit (Amersham) according to the protocol supplied 
by Amersham. Finally, the chemiluminescence signal was 
detected with photographic film (Hyperfilm ECL; Amer- 
sham Pharmacia Biotech) and recorded after 5—10 min 
exposure. 


2.6. Electrophoretic mobility shift assays (EMSAs) 


Electrophoretic mobility shift assays (EMSAs) were 
used to demonstrate activation and translocation of proteins 
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Fig 1 Direct in vivo measurements of liver NO were made in mice treated 
intraperitoneally with saline (control), LPS (40 mg/kg), PR-39 (20.6 mg/kg) 
or PR-39 + LPS. NO levels were measured at 1 and 6 h post-treatment 
(n?six mice per time point) Data are expressed as mean +S D *P=0.01 
for LPS versus PR-39+LPS and ** P=0 001 for control versus LPS and 
control versus PR-39-- LPS 


that bind to specific consensus DNA sequences for NF-KB. 
Typically, NF-kB activation occurs early following LPS 
injection (<2 h). Excised samples of liver tissue were snap 
frozen in liquid nitrogen. Approximately 50 mg of frozen 
tissue was pulverized in a pre-cooled mortar and pestle and 
then transferred to a microfuge tube. Cold stop buffer (10 
mM Tris-HCI, pH 7.4, 10 mM EDTA, 5 mM EGTA, 100 
mM NaF, 200 mM sucrose, 100 uM Na-orthovanadate, 5 
mM pyrophosphate, 4 ug/ml leupeptin, 4 ug/ml soybean 
trypsin inhibitor, 1 mM benzamidme, 20 uM calpain 
inhibitor 1, 100 mU/ml aprotinin, and 100 uM phenyl- 
methylonylflouride) was added and mixed with the tissue. 
The samples were homogenized using 10 strokes in a 
dounce homogenizer and then centrifuged at 4000 x g. 
The resulting cell pellets were rinsed twice and the protein 
content of the nuclear extracts was determined using 
Coomassie® Plus Reagent (Pierce, Rockford, IL) and 
BSA as the standard. Equal amounts (5 ug) of nuclear 
protein was incubated with 5'-[??P] labelled, double-strand 
oligonucleotide that contains the consensus binding 
sequence for NF-kB (5'AGTTGAGGGGACTTTCC- 
CAGGC-3’) (Promega, Madison, WI) The incubation 
mixtures were separated by 496 non-denaturing PAGE 
using high ionic conditions and bands were detected by 
autoradiography. 


2.7. Statistics 


Results are expressed as the mean + S.D. of n animals. 
Statistical evaluation unless otherwise stated was performed 
by one-way analysis of variance (ANOVA) followed by the 
Newman—Keuls test for multiple comparison. * * P<0.001 
and *P«0.01. Statistical analysis was undertaken using 
Prism software. 
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3. Results 
3.1. Levels of liver nitric oxide 


Liver. NO was measured directly in vivo by EPR spec- 
troscopy. The resultant NO data from mice in each of the 
treatment groups (control, PR-39, LPS, and LPS + PR-39) 
are summarised in Fig. 1 and represent NO levels at 1 and 6 
h after treatment. There was a significant increase in liver 
NO in mice treated with LPS compared with controls at 6 h. 
However, mice treated with LPS and PR-39 had signifi- 
cantly greater amounts of NO in tbe liver than those treated 
with LPS alone. Mice treated with saline or PR-39 alone 
showed similar baseline levels of NO and no significant 
change with time. 


3.2. Levels of NO-derivatives in blood 


We analyzed red blood cells for HbNO (same animals as 
in vivo NO above) using ex vivo EPR at liquid nitrogen 
temperatures. Mice treated with LPS or LPS and PR-39 had 
significantly increased levels of HbNO in the blood com- 
pared with control animals. However, unlike the liver NO, 
there was no difference between HbNO levels in the LPS or 
LPS +PR-39 treated mice. Measurement of plasma nitrite 
and nitrate levels (NO,) in these animals showed increased 
NO, 6 h following LPS or PR-39+LPS. Significantly more 
NO, was found in the plasma of mice treated with PR- 
39 LPS compared with LPS alone (P < 0.05) (Table 1). As 
we have demonstrated previously [28], no significant 
increase in NO, was observed 15 min or 1 h after LPS 
injection (data not shown). 

These results agree with our previous measurements of 
NO, and mean arterial blood pressure 1n control and septic 
animals using similar doses of LPS in this model [18]. LPS 
(40 mg/kg) typically producing a transient decrease in blood 
pressure within minutes following i.p. injection, but large 
increases in NO, and severe hypotension at 6 h. 


Table 1 
Summary of the blood flow and NO metabolites in blood from animals in 
each of the treatment groups ; 


6 h after treatment I 
PR-39+LPS PR-39 


Control LPS 
NO: (um) 752+220 4444::83.9 5826 + 136.8” 674-163 
(a=6) 
HbNO (uM) 1.08:036 5.364144" 4476-046 1844280 
(a=8) 
Blood flow 56r40 39+5.7° 48+39° 5.1 + 4.2° 
(ml/min) 
{a=8) 
3 Represents a significant difference compared to control group 
(P=0 01). i 


? Represents significant difference from control, and PR-39 (P=0.01), 
and also compared to LPS alone ( P- 0.05) 
° Represents no significant difference from control group 
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Fig. 2. (A) A representative Western blot for eNOS at 6 h with saline (lane 
2), PR-39 (lane 3), LPS (lane 4) and PR-39 + LPS (lane 5). There was no 
induction of eNOS protein expression (molecular weight of 140 kDa) found 
in any of the treatment groups. Lane |, positive control from endothelial 
cell extract; * denotes non-specific binding. (B) Western blot analysis of 
iNOS in liver 6 h after administration of PR-39 + LPS (lanel), LPS (lane 2), 
saline (control; lane 3) and PR-39 (lane 4). Each lane contains 40 ug of 
protein from separate animals. (C) Densometric analysis from iNOS bands 
of five gels (five an mals in each case). * and [—Represent significant 
difference from control ( P«0.03). §---Represents significant difference 
from LPS ( P« 0.04). 


3.3. Expression of NOS protein 


NOS protein expression in liver tissue was measured by 
Western blot analysis 6 h after treatment. Densitometry was 
carried out on NOS bands (n = 5 gels from five mice in each 
treatment group). A typical Western blot for eNOS/INOS 
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protein expression in livers of control, PR-39, LPS and PR- 
39 + LPS treated mice at 6 h is shown in Fig. 2 (A and B, 
respectively). The fold difference between PR-39, LPS or 
PR-39 + LPS compared with the control group for iNOS 
expression was calculated. It was found that INOS protein 
expression was high following both LPS alone and PR-39 + 
LPS treatment ( P= 0.028 and P= 0.022, respectively, com- 
pared to controls). Furthermore, there was a significant 
increase following PR-39+LPS treatment ( P= 0.038). 
These results are summarised in Fig. 2(C). There was no 
up-regulation of eNOS following treatment (compared with 
the positive control in each case). 


3.4. Nuclear factor-KB DNA binding 


In separate groups of mice, NF-«B DNA binding by 
EMSA was measured at 1, 3 and 5 h post-treatment (Fig. 3). 
Mice treated with LPS showed an approximate 18-fold 
increase in NF-kB binding at 1 h, typical of early NF-KB 
activation following LPS injection. A 14-fold increase was 
observed in mice treated with PR-39 - LPS (not signifi- 
cantly different from LPS treatment alone). NF-KB binding 
declined at 3 and 5 h for both LPS and with PR-39 + LPS. 
Both control (saline) and PR-39 showed only baseline NF- 
KB binding at all time points. 


3.5. Direct in vivo measurements of pO» at the sinusoids and 
across the hepatic tissue bed 


Liver pO; was measured from gloxy EPR line widths at 6 
h in mice subjected to saline, LPS, PR-39 and PR-39 + LPS. 
Liver pO; (mm Hg) measured at the sinusoids (from gloxv 
slurry) or across the liver lobule (from gloxy particles) is 
summarised in Table 2. In control (saline) mice, the mean 
pO» at the sinusoidal lumen was 44.39 + 5.13 mm Hg, 
whereas average liver lobule pO, was 4.56 + 1.28 mm Hg. 


Band 
Density 
(a.u) 





Time (hours) 


m Saline B LPS E PR39 LPS 


Fig. 3. NF-KB activity measured in mouse liver. Mice were treated with 
saline, LPS or PR-39 + LPS for 1, 3 or 5 h. Each bar represents the mean 
value + S.D. (n=three mice for each time point) **--Represents a 
significant difference where P<0.001 and 8$ represents a significant 
difference where P « 0.001. 
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Table 2 
Summary of in vivo measurements of pO» in mouse liver 6 h a&er treatment 
with saline (control), LPS or PR-39 + LPS 


LPS pO; 








Control pO; PR39 * LPS pO, 





(mm Hg) (mm Hg) (mm Hg) 
Slurry 44.394 5.13 11.224248" 23.58 + 9.365 
Particles 456+128 1.164042 3.804 1.34 
pO, difference 39.83 10.05 19.78 


(slurry — particles) 

The pO; experienced by the sinusoidal lumen (slurry) anc across the 
sinusoidal bed (particles), and the difference in pO» (slurry — particle) are 
presented. n = six mice for each treatment group. The data is expressed as 
the mean t S.D. 

° Represents a significant difference compared to control values 
(P<0.01). 

° Represents a significant difference compared to LPS values 
(P<0.01). 

° Represents a significant difference between particle and slurry values 
within each respective treatment group (P< 0.001). 


The difference in pO» between these sites was therefore 
39.83 mm Hg. When mice were subjected to LPS or PR- 
39+LPS, this pO» difference was 10.05 and 19.78 mm Hg, 
respectively. (Measurements of pO; in mice subjected to 
PR-39 alone are not shown because our initial studies 
indicated that PR-39 had no affect upon liver oxygenation). 

Treatment with LPS significantly reduced liver pO» by 
approximately 75% at both the sinusoids and across the 
lobule tissue (Table 2; LPS). Our data also showed only a 
53% decrease in the amount of oxygen being supplied to the 
sinusoidal capillaries following PR-39 treatment of LPS 
treated mice (reflected by the slurry pO; in controls com- 
pared with PR-39 + LPS). This would indicate that oxygen 
supply to liver sinusoids was preserved by PR-39 in septic 
animals (Table 2; PR-39 + LPS). There was also a greater 
pO» difference across the liver lobule (pO; difference (PR- 
39 - LPS) - 19.78 mm Hg). 

Blood flow through the hepatic artery at 6 h was 
essentially the same in control, LPS, and PR-39 - LPS- 
treated animals (Table 1). However, we acknowledge the 
high degree of variability within the treatment groups and 
between individual mice. This factor may have made 
measurement of smaller differences in blood flow difficult 
to detect. 


4. Discussion 


Direct measurements of pO» and NO in vivo are difficult 
but are desirable to improve our understanding of organ 
dysfunction in sepsis. This study has demonstrated the 
usefulness of the EPR technique for the measurement of 
these parameters directly in vivo. Measurements of pO» 
were made specifically from liver sinusoids (reflecting 
supply of blood and oxygen to the liver lobule) and also 
as average pO» across the liver lobule. With this technology, 
we have shown that the antibacterial peptide PR-39 can 
preserve sinusoid perfusion and oxygen levels across the 


hepatic tissue bed in our LPS-induced model of septic 
shock. Furthermore, PR-39 treatment was seen to increase 
nitric oxide levels in the liver in LPS-treated animals. This 
appeared to be the result of increased iNOS expression in 
liver rather than enhanced systemic production of NO. 

We have previously made simultaneous measurements of 
NO and pO; in vivo in mice [18] and demonstrated the 
usefulness of EPR oximetry for making measurements of 
pO- from selected tissue regions [20,26]. In the present 
study, we observed increased liver NO (observed as an 
increase in NO~Fe~(DETC), in liver) at 6 h that coincided 
with LPS induction of iNOS. Expression of iNOS (mRNA 
and protein) is induced in a variety of cell types during 
sepsis [27] and is thought to play a critical role in multiple 
organ failure [30]. PR-39 significantly increased LPS- 
induced iNOS expression in liver but had only a moderate 
effect on systemic NO, and no significant affect on circu- 
lating HbNO. 

We cannot rule out the possibility that reaction of NO 
with Os was also prevented as a result of the known 
inhibitory effects of PR-39 on NADPH-oxidase function. 
However, injection of a comparatively large LPS bolus 
provides a model in which to study primarily haemody- 
namic and physiological dysfunction during a 1—7 h septic 
episode. It seems unlikely that PR-39 mediated its effects 
via modulation of superoxide production in these studies, 
since assessment of oxidative stress to tissue (levels of 
thicbarbituric acid reactive substances (TBARS) in liver 
tissue and in plasma) or liver damage (levels of serum 
aspartate amino transferase (AST)) showed little evidence 
for the production of large quantities of reactive oxygen 
intermediates like superoxide or the occurrence of oxidative 
damage in our model as a result of LPS challenge [28,29]. A 
variety of sepsis models are available to specifically inves- 
tigate tissue damage and longer term effects of LPS. These 
typically involve priming animals with an additional insult 
(such as galactosamine or BCG) in order to enhance host 
response and bring forward pathophysiological events, usu- 
ally observed much later during sepsis. In such a model, we 
have previously demonstrated PR-39 reduced oxidative 
damage to liver 8-12 h following galactosamine/LPS 
[7.21]. 

Gao et al. [6] reported PR-39 inhibited Ik Ba degradation 
and thus inhibited NF-KB-dependent gene expression. We 
measured NF-kB DNA binding by EMSA in liver tissue 
homogenates and found mice treated with LPS showed an 
approximate 18-fold increase in NF-KB binding at 1 h 
(compared to controls), typical of early NF-«B activation 
following LPS injection. However, an approximate 14-fold 
increase was observed in mice treated with PR-39 + LPS 
(not significantly different from LPS treatment alone). NF- 
«B binding typically declined at 3 and 5 h for both LPS and 
with PR-39 + LPS. We can conclude from these experiments 
that PR-39 is unlikely to affect expression of iNOS or other 
pro-inflammatory proteins mediated via NF-KB. However, 
PR-39 significantly increased iNOS expression in liver. PR- 
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39 administration to septic mice showed an approximate 3- 
fold increase in iNOS protein expression (compared to LPS 
alone), but did not enhance eNOS protein expression. Mice 
treated with PR-39 alone also showed an approximate 1-fold 
increase in iNOS protein expression when compared to the 
controls. PR-39 may have induced iNOS protein via an 
unidentified NF-«B-independent mechanism. For example, 
activator protein-1 (AP-1) can activate the human iNOS 
promoter in cells stimulated with LPS/IFN-y [31]. 

We concentrated our in vivo measurements of liver pO; 
at the 6 h time point because our previous physiological data 
indicated that LPS treatment had a significant impact on 
MABP and organ perfusion at this time [18]. LPS treatment 
resulted in approximately 75% decrease in pO; both at 
sinusoids and across the hepatic tissue bed. This suggests 
that LPS-induced hypoxia in this model was primarily the 
result of defective oxygen supply to liver sinusoids. 
Decreased sinusoidal perfusion could be due to a number 
of mechanisms, including LPS-induced arterio-venous 
shunting of blood and microaggregation of platelets and 
neutrophils within sinusoidal capillaries [32]. Alternatively, 
swelling of Kupffer cells within the liver sinusoids may also 
cause reduction in sinusoidal capillary diameter, partially or 
completely occluding the sinusoids [33]. 

We found that PR-39 treatment alleviated the LPS- 
induced defect in oxygen delivery to sinusoids (an approx- 
imate 5396 decrease at the sinusoids compared to 75%, 
respectively). The oxygen difference between sinusoids and 
across the lobule also increased (20 versus 10 mm Hg in 
PR-39 + LPS and LPS groups, respectively, reflecting a 2596 
improvement compared to controls), which most likely 
reflects the improved delivery of oxygen to sinusoids (also 
increased by 2596 recorded by Gloxy slurry) and increased 
oxygen availability across the lobule. Elevated NO induced 
by PR-39 may have reduced sinusoidal blockage by main- 
taining sinusoid dilatation, eradicating classic inflammatory 
responses, such as leukocyte activation and recruitment in 
sinusoids [34] and prevented intravascular coagulation. 

Jn addition, PR-39 apparently preserved hepatic tissue 
oxygenation almost to the level of controls (approximately 4 
mm Hg reported by gloxy particles). Our data strongly 
implicates that improvement in sinusoidal perfusion results 
in the normalisation of pO; at both tissue sites. There are, 
however, several other plausible explanations to the main- 
tenance of 4 mm Hg at the level of the particle that warrant 
further study. The increase in local liver NO in mice 
subjected to PR-39 + LPS may have contributed to 
decreased mitochondrial respiration [35,36] resulting in 
higher pO, across the liver lobule. PR-39 inhibition of 
HIF-1la degradation by the ubiquitin—proteasome system 
may also have facilitated enhanced glycolytic capacity and 
reduced mitochondrial activity [37]. 

In conclusion, we have shown, in a mouse model of 
endotoxin-induced sepsis, that PR-39 treatment causes a 
relative increase in local hepatic NO by influencing iNOS 


expression in liver. Our site-selective pO; measurements d 
L 
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demonstrate that PR-39 preserved sinusoidal perfusion and 
lobule oxygenation. 
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Abstract 


We applied RNA arbitrarily primed-PCR (RAP-PCR) to screen the genes differentially expressed between common congenital heart 
defects (CHD) [atrial septal defect, ventricular septal defect, Tetrology of Fallot (TOF)] and normal human heart samples. Three of these 
differentially amplified fragments matched cDNA sequences coding for proteins of unknown function in humans: hCALO (human 
homologue of calossin), NP79 (coding for a nuclear protein of 79KD) and SUN2 (Sad-1 unc-84 domain protein 2). The other four fragments 
were from known human genes: apolipoprotein J, titin, dystrophin and protein kinase C-delta. Northern blot analysis confirmed that all of 
these genes are expressed in the human heart. The results of RAP-PCR were reconfirmed by quantitative RT-PCR in TOF and control heart 
samples. Both techniques showed the levels of expression of hCALO, NP79 and SUN2 to be comparable in TOF and control samples and the 
level of expression of dystrophin and titin, both coding for cytoskeletal proteins, to be significantly upregulated in TOF samples. In summary, 
we have shown that the RAP-PCR technique is useful in the identification of differentially expressed gene from biopsy samples of human 
CHD tissues. In this manner, we have identified three novel genes implicated in the normal function of the human heart and two known genes 


upregulated in TOF samples. 
@ 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Congenital heart defects (CHD) are the most common 
form of heart disease in childhood, occurring in about 196 of 
live births and perhaps 10% of stillbirths [1]. CHD are the 
clinical manifestation of anomalies in heart development, a 
complex process requiring cell specification and differentia- 
tion, cell migration, morphogenesis and interactions among 
cells from a variety of embryonic origins. In recent years, 
studies of heart development in fish, frogs, mice, flies and 
worms by mutagenesis studies have begun to develop how 
morphogenesis and hierarchies of developmental control are 
exerted, and have pointed to the role of genes such as the 
transcription factors Nkx2-5, GATAs, MEF2s, dHAND and 
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eHAND [2-5]. However, the basic mechanism for CHD in 
man is still incompletely defined. 

The paucity of large CHD human families and the 
incomplete penetrance of CHD as a phenotype have limited 
the usefulness of linkage analysis in identifying causal 
genes. Until now, only a few genes directly related to 
human CHD have been identified, and most of them are 
related to a complex syndrome that includes cardiac mal- 
formations, such as TBXS5 mutations in Holt Oram syn- 
drome [6], TFAP2B mutations in Char syndrome [7], and 
the haploinsufficiency of one or more genes in 22q11 or 
10p13-p14 that cause DiGeorge Syndrome/velocardiofacial 
syndrome (VCFS), two genetic diseases with overlapping 
clinical features that include conotruncal defects and abnor- 
mal development of other structures derived from the neural 
crest [8]. 

While mutations in the homeobox transcription factor 
NKX2.5 gene have been found in patients with nonsyn- 
dromic congenital heart diseases [9], it is likely that new 
strategies will be required to identify the common non- 
syndromic CHD susceptibility genes. The identification of 
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genes involved in various stages of cardiac development 
will likely be one important step. Another lead may come 
from a comparison of gene expression patterns between 
normal and CHD hearts or among different types of CHD. 
Identification of those differentially expressed genes in 
human CHD heart tissues will serve as markers that may 
point to the molecular mechanisms involved in normal and 
CHD states, and perhaps provide new insights for the 
discovery of novel molecular targets for diagnostics and 
therapeutics. 

RNA arbitrarily primed-PCR (RAP-PCR) [10] and 
mRNA differential display (mRNA DD) [11] are two 
sensitive PCR-based RNA fingerprinting techniques that 
have been successfully applied to many areas including 
carcinogenesis, neurobiology, developmental biology and 
cardiovascular disease. More than 10 novel genes in car- 
diovascular functions and diseases have been discovered by 
application of this method [12]. Compared to RAP-PCR, 
which preferentially provides internal coding sequences of 
differentially expressed genes, cDNA fragments obtained 
from mRNA DD methods are often in the 3’ untranslated 
region, and therefore difficult to identify by homology in 
databases. In order to find genes related to the pathogenesis 
of CHD, we applied RAP-PCR to isolate and characterize 
the differentially expressed genes in three common forms of 
CHD: atrial septal defect (ASD), ventricular septal defect 
(VSD) and Tetrology of Fallot (TOF). We have identified 
three interesting sequences that are likely to be related to 
normal functioning of the developing and the mature heart. 
We also find that the expression of dystrophin and titin, both 
coding for a cytoskeletal protein, is significantly upregu- 
lated in TOF samples. 


2. Methods 
2.1. Tissue sources and total RNA preparation 


For RAP-PCR, ventricle biopsies were obtained from 
six children with CHD during corrective cardiae surgery. 
Two of them were with ASD (ages: 6 and 7 years), two 
with VSD (ages: 3 and 5 years) and two with TOF (ages: 
7 months and 2 years). Ventricle tissue from a 32-year- 
old woman with rheumatic heart disease obtained during 
her valve-replacement surgery and two biopsies taken 
from children (age: 5 and 9 years) with acute cardiac 
infections were taken as non-CHD controls. All procedure 
conforms to the principles outlined in the Declaration of 
Helsinki [Cardiovasc. Res. 35 (1997) 2]. The tissues were 
directly frozen in liquid nitrogen and stored at —70 °C 
until. use. Total RNA was prepared using TRIZOL 
Reagent (Life Technologies, New York, USA). Normal 
adult (27 years old) and fetal (27 weeks old) RNA 
samples were purchased from BioChain Institute, Inc. 
As very limited amounts of fresh CHD cardiac biopsy 
material were available, only TOF samples that tend to 


be larger were chosen to reconfirm the validity of the 
RAP-PCR technique using quantitative RT-PCR. 


2.2. RAP-PCR 


The RNA samples were purified by DNase I treatment 
followed by phenol/chloroform extraction and ethanol pre- 
cipitation. Two quantities of each total RNA (50 and 100 
ng) were reverse transcribed (RT) in a 20 pl reaction mix 
with 5 pmol arbitrarily chosen primer 5'-AGCCCGTAGG- 
TACCCTGG or 5-GCAAACCGCGGTGACCACTG to 
synthesize first-strand cDNA. The RT reaction was per- 
formed with AMV reverse transcriptase and reagents in 
Reverse Transcription System (Promega, WI, USA). After- 
wards, 10 ul was used for PCR in a 25 yl reaction volume 
containing 25 pmol of the same primer as in first-strand 
synthesis. PCR was performed with one low stringency 
cycle of 94 ^C for 5 min, 40 ^C for 5 min and 72 °C for 5 
min. followed by 39 high stringency cycles of 94 °C for 1 
min. 60 ^C for 1 min and 72 ^C for 2 min in a PTC-100 
Thermal Cycler (MJ Research). For nonradioactive RAP- 
PCR, the PCR products were electrophoresed in a 6% 
nondenaturing polyacrylamide gel, and then stained with 
10 1/100 ml SYBR Green (Boehringer Mannheim, Man- 
nhen, Germany) for 30 min. The differentially amplified 
bands were cut from the gel under long wavelength UV 
light. For radioactive RAP-PCR, the PCR reactions were 
performed with "P end-labeled primers. Then the PCR 
products were electrophoresed in a 6% denaturing poly- 
acrylamide gel. The gel was dried on a 3M Whatman paper 
and exposed to Fuji X-ray film for 24—72 h. Differentially 
expressed cDNA bands of interest were cut from the gel and 
eluted in 25 ul TE buffer at 65 ^C for 2 h. The cDNA bands 
isolated by either the radioactive or nonradioactive method 
were reamplified with the same PCR conditions and primer. 


2.3. cDNA cloning and sequence analysis 


cDNA fragments were ligated into pGEM-4Z vector 
(Promega) by single-step direct cloning methods [13]. Each 
ligation reaction (20 ul) included 200 ng uncut vector 
pGEMAZ, 150 ng PCR product, 2U Smal, 1 unit TA DNA 
polymerase, 0.4 mM dNTPs, 1 unit T4 ligase and ligation 
buffer with ATP. The ligation mixture was left overnight at 
room temperature, and 5 ul was used for heat shock trans- 
formation into the Escherichia coli strain DH5a. Plasmid 
DNA was purified using High Pure Plasmid Isolation kit 
(Boehinger Mannheim). The presence of insert was tested 
by digestion with EcoRI. Successfully cloned cDNA frag- 
ments were sequenced with M13 forward primers in an ABI 
PRISM 377 automatic sequencing machine (Applied Bio- 
systems, Foster City, CA) using the ABI Prism dRhodamine 
Terminator Cycle Sequencing kit. Homology search was 
performed using the BLAST algorithm in the nonredundant 
database of the National Center for Biotechnology Informa- 
tion. 
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2.4. Northern blot analysis 


The cDNA inserts were released from plasmids with 
restriction enzymes and purified by QIAEX II Gel Extrac- 
tion Kit (Qiagen). Then, the DNA fragment was labeled 
with a-??P-qCTP (3000 Ci/mmol) by random primer label- 
ing [14]. Premade human multiple-tissue blot and fetal 
multiple-tissue blot II were purchased from Invitrogen 
(Carlsbad, CA). The manufacturer’s information indicated 
that each lane was loaded with 20 ug of total RNA from 
eight different male tissues including adult heart, brain, 
kidney, liver, lung, pancreas, spleen, skeletal muscle for 
human multiple tissue blot; and from human fetal heart, 
kidney, stomach and intestine for fetal blot II. Filters were 
hybridized with the labeled probe, washed and exposed to 
X-ray film (Fuji) at —70 °C with two intensifying screens. 
Blots were stripped with 0.5% SDS at 95 °C, and rehybri- 
dized with labeled glyceraldehyde-3-phosphate dehydrogen- 
ase (GAPDH) probe as a standard to allow calibration for 
actual mRNA loading difference. 


2.5. Relative quantitation of gene expression by RT-PCR 


For first-strand cDNA synthesis, 5 ug of total RNA 
(DNase treated) was reverse transcribed with 250 pmol 
random hexamers and 400 units Superscript H (Life Tech- 
nologies) in a 100 pl reaction following manufacturer's 
instructions. The resulting cDNA (from 50 ng total RNA 
per ul) was stored at —70 °C until use. Relative quantitation 
was done using the comparative C, method with SYBR 
Green PCR Core Reagents (Applied Biosystems) according 
to manufacturer's protocol (User Bulletin #2, ABI PRISM 
7100 Sequence Detection System, Applied Biosystems). 
GAPDH was used as the reference internal control. À panel 
of serially diluted cDNA (50, 5 and 0.5 ng, and 50 pg total 
RNA) was used io check the consistency of relative ampli- 
fication efficiency of the target and reference. Quantitative 
PCR was carried out with an ABI PRISM 7700 Sequence 
Detector (Applied Biosystems) in a 25 jl reaction with 5 ng 


Table 1 

Sequences of primer pairs for PCR 

Gene Primer pair Amplicon length 
(5' to 3) (bp) 

GAPDH ACCACAGTCCATGCCATCAC 452 

(reference) TCCACCACCCTGTTGCTGTA ` 

Titin ` `CAAGGACACCAAGTGCACAG 148 
TGGTCCAGGAGTGGTAAAGG 

Dystrophin © GACCAGCACAACCTCAAGCA 151 
TCAGCAGCCAGTTCAGACACA 

hCALO CATGGCAATGAGGCAGAAGG 103 
CAGCTCTTCCATCTGCTTCAGG 

NP79 TTCOGCTACTTGACCAATCTGC 126 
GCCCTGGAACTCCTTGACAAT 

SUN2 CCGTTACCTTAGAGCATGTGCC 148 
TCGCCGTCCTGATCGTAAGT 


of cDNA, 5 pmol each of forward and reverse primer (Table 
1), 3 mM MgCl, 200 uM dATP, dCTP, dGTP, 400 uM 
dUTP, 0.625 unit AmpliTaq Gold and 0.25 unit AmpErase 
UNG. The PCR cycling condition was 2 min at 50 °C for 
AmpErase UNG incubation, 10 min at 95 °C for AmpliTaq 
Gold activation, followed by 40 cycles of 15 s at 95 °C, 15s 
at 60 °C and 30 s at 70 °C. An aliquot of PCR product was 
checked for a single specific band by electrophoresis. 


3. Results 
3.1. RAP-PCR 


RAP-PCR was performed using total RNA isolated from 
ASD, VSD, TOF and non-CHD ventricle biopsies. To avoid 
differential amplification caused by concentration or quality 
differences among RNA samples, two concentrations of 
RNA were tested for each RNA sample. Only differentially 
amplified products present in both concentrations were 
selected. RAP-PCR with radioisotope-labeled primer pro- 
duced approximately 200 resolved products in a 40-cm gel. 
Six well-resolved differentially expressed cDNA fragments 
(R1-R6) were selected and excised from the gel Non- 
radioactive RAP-PCR yielded approximately 100 resolved 
bands in a 15-cm gel Nine well-resolved differentially 
expressed fragments (NR1—NRO9) were isolated under direct 
UV light visualization. 


3.2. Sequence analysis of the differentially amplified cDNA 
fragments 


The cDNA. fragments were cloned and sequenced. 
Homology search was performed and the results are sum- 
marized in Table 2. The six differentially amplified frag- 
ments isolated with the radiolabeled primer were: Human 
apolipoprotein J mRNA, Homo sapiens mRNA for 
KIAA0462 protein (referred to as hCALO for human 
homologue of Drosophila calossin), H. sapiens mRNA for 
KIAA0668 protein or sadl unc-84 domain protein 2 
(referred to as SUN2). The remaining three were homolo- 
gous to 28s ribosomal RNA sequence. Using nonradiola- 
beled primer, nine differentially amplified cDNA fragments 
were isolated and studied further. Homology search revealed 
those to be: titin, dystrophin, protein kinase C-delta 13 and 
HRIHFB2216 mRNA, a sequence recently reported to be a 
cutaneous T-cell lymphoma-associated antigen. Since we 
have found HRIHF2216 mRNA encodes a putative nuclear 
localization protein of predicted molecular weight 79 kDa 
(see discussion), we referred to it as NP79. The remaining 
five cDNAs were ribosomal RNA and mitochondrial RNA. 
In the RAP-PCR fingerprint, hCALO, NP79, SUNG, protein 


‘kinase C-delta and apolipoprotein J showed a higher expres- 


sion in VSD samples. On the other hand, titin and dystro- 
phin showed a higher expression in TOF samples. 
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Table 2 
Homology search results of cloned cDNA fragments from RAP-PCR 











Fragment Size (bp) Name Accession number Description 

RI 310 Apol 302908 Human apolipoprotein J mRNA, complete cds (1512 bp) 

R2 406 hCALO AB007931 Homo sapiens mRNA for KIAA0462 protein. partial cds (7150 bp) 

R3 173 SUN2 AF202723 Homo sapiens Sad) unc-84 domain protein 2 (SUN2) mRNA, partial cds (1323 bp) 
AB014568 Homo sapiens mRNA for KIAA0668 protein, partial cds (3767 bp) 

R4-R6 - ` Ribosomal RNA 

NRI 162 titin X90568 Homo sapiens mRNA for titin protein (81940 bp) 

NR2 412 dystrophin M18533 Homo sapiens dystrophin (DMD) mRNA, complete cds (13957 bp) 

NR3 300 PKC L07860 Human protein kinase C-delta 13 mRNA, complete cds (2104 bp) 

NR4 388 NP79 AB015345 Homo sapiens HRIHFB2216 mRNA, partial cds (1605 bp) 
AF273046 Homo sapiens CTCL tumor antigen se20-4 mRNA, complete cds (2830 bp) 

NR5-NR9 Ribosomal RNA and mitochondrial RNA 








3.3. Northern blot analysis 


The expression patterns of the three functionally 
unknown genes (hCALO, NP79 and SUN2) in adult and 
fetal tissues were studied using Northern blots (Fig. 1). It 
can be seen that although equal amounts of total KNA were 
loaded, as reported by the manufacturer, the GAPDH signal 
in lung and pancreas was reduced, reflecting tissue differ- 
ences in these mRNA abundance in these tissues (Invitro- 
gen) hCALO is identical to H. sapiens mRNA for 
KIAA0462 protein, with 7150 bases reported. Northern blot 
analysis of this novel sequence revealed a transcript longer 
than 9 kilobases (kb) detected only in adult heart, brain and 
lung. The transcript of NP79 was 2.8 kb and was strongly 
expressed in adult heart, moderately in brain, lung and 
spleen, and weakly in kidney and skeletal muscle. Interest- 
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Fig. 1. Northern analysis of the sequences identified by RAP-PCR. RNA 
(20 ng) from the tissues indicated were loaded. hCALO, NP7* and SUN2 
all showed a higher expression in adult than in fetal heart. The same filters 
were used for all probes. Hybridization with GAPDH was done lastly to 
indicate RNA loading. Positions of the RNA marker bands were indicated 
to the right. 


ingly, the expression of NP79 in adult heart was stronger 
than in fetal heart while the converse was observed in 
kidney. Another differentially amplified gene, SUN2, dem- 
onstrated constitutive expression of a 3.8 kb transcript in 
various tissues, with strongest expression in adult heart, 
lung and muscle. By Northern blot analysis, protein kinase 
C-delta 13 and apolipoprotein J were found to be constitu- 
tively expressed in various adult and fetal tissues and TOF 
biopsies (data not shown). 


3.4. Relative quantitation of gene expression by RT-PCR 


Only ventricle biopsies from TOF patients yielded suffi- 
cient RNA for further analysis. Amplification curves from 
serial dilution of cDNA show that the C, value (threshold 
cycle) correlated with the concentration of the gene under 
investigation within the cDNA range from 50 ng to 50 pg 
total RNA. The amount of cDNA used in quantitative PCR 
(from 5 ng of total RNA) falls in the mid range, suggesting 
that PCR should not be saturated in this study (data not 
shown). The relative expressions of genes in this study are 
shown in Fig. 2. The relative expression of each gene in the 
adult heart sample was used for normalization. Both titin 
and dystrophin showed a higher expression in TOF samples 
in the RAP-PCR fingerprint. The levels of expression of 
titin in adult and fetal hearts were similar (1.00+0.03 and 
0.94 0.07). Both TOF samples were found to have higher 
expression of titin when compared to the normal adult 
sample (1.60:-0.12 and 3.00+0.16). For dystrophin, fetal 
(1.61+0.11) and TOF samples (1.49+0.11 and 2.24+0.12) 
both had a higher expression relative to the adult sample 
(1.00+0.04). hCALO, NP79 and SUN2, which were found 
to be upregulated in VSD samples in the RNA fingerprint, 
had expression levels similar to that of the adult heart (Fig. 
2), but all three genes had different levels of expression in 
the adult and fetal heart. In agreement with the results of 
Northern analysis, NP79 and SUN2 were expressed at a 
higher level in the adult heart than the fetal heart (1.00:0.11 
vs. 0.42+0.1; 1.00+0.17 vs. 0.33+0.05, respectively). 
However, hCALO was found to have a higher level of 
expression in the fetal heart by RT-PCR (1.00:£0.42 vs. 
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Fig. 2. Quantitative RT-PCR analysis of different genes on adult, fetal and TOF samples. Values are presented in relative expression level to adult tissue, which 
is normalized with GAPDH (AAC, method). Height of bars and the error bars represent the mean value and 95% confident intervals based on quadruplicate 


results. 


2.14+0.66). Since the RNA of hCALO is >15 kb, the 
transcripts might be transferred inefficiently to the filter 
during northern analysis. 


4. Discussion 


Defects in heart septation, including ASD, VSD, atrio- 
ventricular septal defects and TOF, represent major causes 
of CHD [10]. They commonly involve ventricular or pres- 
sure overload hypertrophy before evolving into compen- 
sated congestive heart failure. Since differential gene 
expression is likely essential for normal heart development 
and pathological processes [2,10], the discovery of differ- 
entially expressed genes may provide a window for under- 
standing the molecular mechanisms involved in normal and 
pathological states. In an attempt to begin the process of 
discovering those genes, we investigated a number of the 
genes that are differentially expressed in RNA samples from 
ASD, VSD, TOF and non-CHD controls by RAP-PCR. 
Among these differentially expressed genes resolved, three 
lack functional characterization (CALO, NP79 and SUN2), 
while four are homologous to known genes. 

hCALO is identical to H. sapiens brain mRNA for 
KIAA0462 protein, although the complete cDNA sequence 
has not been characterized yet [15]. The amino acid 
sequence of KIAA0462 (2276 amino acids) shows 45% 
identity and 64% similarity to the pushover protein of 
Drosophila melanogaster. The pushover gene codes for a 


large protein of 5322 amino acids that affects synaptic 
transmission at the neuromuscular junction. Mutations in 
pushover affect both neuronal excitability and the process of 
transmitter release [16]. Pushover is identical to calossin, a 
novel calmodulin protein in Drosophila retina that is highly 
conserved through animal phylogeny. The CALO mRNA is 
of 15-20 kb on Northern blots [17]. We named the gene we 
found in heart tissue hCALO for human homologue of 
calossin. The human transcript we identified is also much 
larger than 9 kb and is detected specifically in adult heart, 
brain and lung by Northern blotting. Since calmodulin is an 
important Ca^' sensor and Ca^' influx regulates multiple 
cellular events, the tissue specificity and sequence conser- 
vation of hCALO suggests a possible role in regulating 
cardiac function. 

NP79 is identical to H. sapiens HRIHFB2216 mRNA. A 
partial HRIHFB2216 cDNA of 1605 bases was found to 
encode a nuclear targeted protein containing nuclear local- 
ization signals [18]. As a step towards identifying its 
function, we have isolated the cDNA by screening a human 
adult heart cDNA library. Complete sequencing of the 2.8 
kb insert indicates that it 1s identical to a clone for cutaneous 
T-cell lymphoma-associated antigen isolated from a normal 
testis cDNA library using the method of ‘serological iden- 
tification of recombinantly expressed genes' [19]. The 
predicted protein encoded by the complete cDNA sequence 
has 693 amino acids, a molecular weight of 79 kDa and a 
nucleosome assembly domain. A fusion protein of our 
cDNA clone and the green fluorescent protein revealed 
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the same nuclear localization pattern as originally reported 
for the partial cDNA [18] (not shown). As NP79 is highly 
expressed in the adult heart, it is a promising candidate for 
further evaluation of its role in maintaining human cardiac 
function. 

Blast analysis revealed that H. sapiens mRNA for 
KIAA0668 protein is identical to the coding region of H. 
sapiens Sad 1 unc-84 domain protein 2 (SUN2) mRNA 
(with only 1323 bases being reported) [20]. SUN2 is the 
human homologue of C. elegans unc-84, a gene required for 
the nuclear migrations that occurs during development of 
the worm [20]. This sequence is of particular interest since 
the gene functions of SUN2 in man are still not character- 
ized and because it maps to 22912-13, a region adjacent to 
the major chromosome region of microdeletions associated 
with cardiac and craniofacial defects [21]. 

The mRNA for titin is 81,940-bp long and codes for the 
largest protein known [22]. Titin, also known as connectin, 
is an integral cytoskeletal protein with a molecular weight of 
approximately 3 million Dalton. It is a relatively abundant 
protein comprising — 10% of the myofibril mass. Titin is 
essential in the control of the assembly of the highly ordered 
sacromeres, and mutations in this gene cause autosomal 
dominant familial dilated cardiomyopathy [23]. The possi- 
ble function of titin is to hold myosin filaments together at 
the center of the sarcomere, equidistant from the adjacent Z 
lines, and to provide structural continuity in relaxed myofi- 
brils [24]. An increase in titin mRNA with hypertrophy and 
loss of titin in heart failure were reported in guinea pigs 
[25]. Here we report a 1.5- and 3-fold increase in the level of 
expression of titin in TOF samples compared with normal 
heart. Dystrophin is also a cytoskeletal protein that is 
involved in fixation of sarcomeres to the lateral sarcolemma 
and stabilization of the transverse (T)-tubular system. In 
adult cardiac muscle, dystrophin is also localized on T- 
tubules. Like titin, we find an increase in dystrophin 
expression in TOF samples compared to the adult heart. 
Altered expression of the membrane-associated protein 
dystrophin might be associated with cardiac hypertrophy 
and failure [26]. While it would be ideal to have more 
perfect matched controls and a larger sample size, our 
results support the hypothesis that in cardiac hypertrophy 
and failure, the early and reversible stage is characterized by 
accumulation of cytoskeletal proteins to counteraet the 
increased strain [26]. 

In conclusion, we have applied RAP-PCR to identify 
differentially expressed genes in human normal and CHD 
heart tissues. We found nonradioactive RAP-PCR a con- 
venient and safe method. The validity of the method was 
confirmed by our observation that dystrophin and titin were 
of expressed at increased levels in TOF samples using both 
RAP-PCR and quantitative PCR. All three functionally 
unknown genes studied show a higher level of expression 
in VSD samples in the RAP-PCR fingerprint and have 
changing level of expression during normal human heart 
development. The predicted proteins suggest that thev may 


have significant roles in heart development and function. 
Further investigation of their normal functions is underway 
using their mouse homologues. 
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Abstract 


Primary deficiency of p-galactosidase results in GM1 gangliosidosis and Morquio B disease. Of the more than 40 disease-causing 
mutations described in the Gal gene to date, about 75% are of the missense type and are scattered along the length of the gene. No single, 
major common mutation has been associated with GM1 gangliosidosis. However, a Trp 273 Leu mutation has been commonly found in the 
majority of patients with Morquio B disease defined genotypically to date. 

We now report three new mutations in three Morquio B patients where the Trp 273 Leu mutation is absent. Two of the mutations, C1502G 
(Asn 484 Lys) and A1548G (Thr 500 Ala), were found in twins (one male, one female) who display a mild form of Morquio B disease and 
keratan sulfate in the urine. In their fibroblasts, residual activity was 1.9% and 2.1% of controls. On Western blots, the 84-kDa precursor and 
the 64-kDa mature protein were barely detectable. The occurrence of a 45-kDa degradation product indicates that the mutated protein reached 
the lysosome but was abnormally processed. In the third case, we identified only a G1363A (Gly 438 Glu) mutation (a major deletion on the 
second allele has not been ruled out). This female patient too displays a very mild form of the disease with a residual activity of 5.7% of 
control values. In fibroblasts from this case, the 84-kDa precursor and the 45-kDa degradation product were present, while the mature 64-kDa 
form was barely detectable. The occurrence of these three mutations in the same area of the protein may define a domain involved in keratan 
sulfate degradation. 
© 2002 Elsevier Science B.V. All rights reserved. 


Keywords: &-Galactosidase; Missense mutation; Western blot, Leupeptin 


1. Introduction 


Morquio disease (MPS IV) occurs in two types (A and B) 
due to deficiencies in two separate genes. The disorder is 
characterized as a massive dysostosis multiplex with storage 
of keratan sulfate but without proven primary central 
nervous system :nvolvement demonstrable either neuropa- 
thologically or »iochemically. Patients with type A are 
generally more severely involved clinically, whereas the B 
form tends to be milder with a later onset of clinical 
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symptoms [1.2]. Morquio A disease, the more common 
form of the two, arises from mutations in the gene encoding 
a 6-sulfate sulfatase that is specific for residues found in 
keratan sulfate (both galactose 6-sulfate and N-acetylglucos- 
amine 6-sulfate) and in chondroitin 6-sulfate (as N-acetyl- 
galactosamine 6-sulfate). (}-Galactosidase activity is normal 
in type A patients. Morquio disease, type B (MPS IVB) 
arises from deficiency in [5-galactosidase where the activity 
of the 6-sulfate sulfatase is normal. A deficiency in the same 
g-galactosidase arising from the same Gal gene is also the 
primary defect in GM1 gangliosidosis. The latter is clin- 
ically heterogeneous and is characterized as a neuronal lipid 
storage disease, with GM1 ganglioside as the primary 
storage product in central nervous system neurons (see 
Ref. [1] for a recent review of this topic). 
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The p-galactosidase gene, located on chromosome 
3p21.33 [3-5] is 62.5 kb in length and composed of 16 
exons [6,7]. Two related proteins arise by alternative splic- 
ing of the primary f-galactosidase transcript. The most 
abundant product is lysosomal p-galactosidase thet we have 
shown is catalytically active in its precursor form. The 
second protein, originally called the p-galactosidase-like 
protein, does not display p-galactosidase activity and has 
been characterized by us as the elastin binding protein 
(EBP) of the elastin binding receptor. It arises by alternative 
splicing whereby the sequence encoded by exons 3, 4 and 6 
is missing, a frameshift occurs in exon 5 (which encodes a 
unique 32-amino-acid sequence) [6] and the reading frame 
is restored at the start of exon 7. Except for this frame- 
shifted unique sequence, the primary structure of the EBP is 
identical to B-galactosidase. However, the latter is localized 
to the cell surface but not to lysosomes [6,8]. 

Mutations are spread throughout the gene, 70% of which 
occur simultaneously in both P-galactosidase and the EBP. 
Most are of the missense type and give rise to GMI 
gangliosidosis. Most patients with GMI gangliosidosis 
are heteroallelic with different mutations on each parental 
chromosome and missense mutations affecting some 
codons (such as those affecting Arg 59, Arg 201, Arg 
208, Pro 263, Arg 482) have been noted more frequently 
than others. In contrast, a major common mutation, Trp 273 
Leu, has been found in the majority of the 17 Morquio B 
patients that have been defined [9,10] to date. it is note- 
worthy that no patient with one copy of the Trp 273 Leu 
mutation has presented with GM1 gangliosidosis; all such 
patents have the clinical and biochemical phemotype of 
Morquio B disease. - 

-Galactosidase cleaves substrates by formation of a 
galactosylated-amino acid intermediate (the catalytic nucle- 
ophile), with subsequent release of the galactose and reten- 
tion of p-configuration. This mechanism predicts that at least 
two acidic residues are involved in the catalytic mechanism. 
We identified the galactosylated residue as Glu 268 [11] and 
our recent work has identified Asp 332 as a candidate for the 
second acidic residue in the catalytic mechanism [12]. 
Because Trp 273 Leu has been the only mutation strictly 
associated with Morquio B disease to date, it has been 
postulated to play an essential role in the hydrolysis of 
keratan sulfate. However, to date, there have been no studies 
directly examining this question. It has also been proposed 
that the Trp 273 Leu mutation affects the ability of p- 
galactosidase to join a lysosomal complex also containing 
cathepsin A, neuraminidase and GalNAc-6-sulfate sulfatase, 
the formation and function of which is poorly understood. 
Thus, the role of Trp 273 in complex binding and hydrolysis 
of natural substrates, particularly the keratan sultates, is ill 
defined. 

In the present work, we describe new mutations. Asn 484 
Lys and Thr 500 Ala in a set of fraternal twins and Gly 438 
Glu in a third unrelated patient, all of whom display the 
clinical and biochemical features of Morquio B disease. The 


Trp 273 Leu mutation is absent from these patients. The 
present data have appeared in abstract form [13]. 


2. Materials and methods 
2.1. Clinical findings 


The patients included in this study satisfy the criteria for 
Morquio disease; namely, systemic bone disease without 
primary involvement of the central nervous system (defined 
as retarded developmental milestones, retarded intellectual 
development, presence of spasticity and seizures). Family 1. 
The first of the twins presented at age 9 years with an 
abnormal gait and increased fatigability. On examination, 
he was not dysmorphic, there was no hepatosplenomegaly, 
and the neurological exam was normal. Some hip weakness 
was noted. X-rays of the spine revealed platyspondyly with 
vertebral beaking typical of MPS IV. Keratan sulfate was 
isolated from his urine at this time. Residual leukocyte p- 
galactosidase activity was <2.5% of the normal level (in all 
aspects of this study activity was assayed with the fluori- 
metric 4-methylumbelliferyl-B-b-galactopyranoside sub- 
strate as previously described [14]). By age 11 years, 
odontoid dysplasia, thoracolumbar scoliosis, and genu val- 
gum typical of the disease were evident. M.S., his twin, was 
essentially normal at age 9.5 years. Keratan sulfate was 
isolated from her urine also and again residual leukocyte p- 
galactosidase activity was <2.5% ofthe normal level. A mild 
dorsal scoliosis was noted at age 11 years. At age 18 years, 
her neurological status was within normal limits, she had an 
unsteady gait but remained ambulatory, and was otherwise 
healthy. Their early developmental history was uninforma- 
tive and the parents (Portuguese) are unrelated. Both patients 
now in their late-20s are educated both having successfully 
completed post-secondary education, their neurological sta- 
tus remains within normal limits, but their skeletal abnormal- 
ities seriously impair their ambulatory capabilities. 

Family 2. This female was diagnosed at the age of 8 
years by the presence of keratan sulfate in the urine and a 
deficiency of leukocyte B-galactosidase ( <1% of the nor- 
mal value) was noted. At 18.5 years, she was short (147.5 
cm), had a mild dorsal scoliosis, denied pain in the joints or 
back, and she had mild limitation of movement of neck, 
spine, hips and shoulders. Her neurological exam was 
unremarkable, she was judged to be somewhat dull, and 
on psychological assessment, her IQ was judged to be 
borderline normal. Corneal clouding was noted at this time, 
and the cardiovascular system was normal. This patient 
married and is now in her early 30s but she and her parents 
now have been lost to follow-up. 


2.2. Fibroblast culture 


Fibroblast strains were established for diagnostic studies 
that were subject to informed consent. Cells from a case of 
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Morquio disease, type B (GM01602; mutations TG817/ 
8CT; Trp 273 Leu and G1445A; Arg 482 His), and GM1 
gangliosidosis (GM05652A; homozygous for mutation 
C1101T; Arg 351 ter) were from the NIGMS Human 
Genetic Mutant Cell Repository. In general, skin fibroblasts 
were grown in o-MEM with penicillin (100 U/ml) and 
streptomycin (100 mg/ml), supplemented with 10% fetal 
calf serum (FCS) at 37 °C in 5% CO» atmosphere until 
confluent. All cell cultures used in this work were negative 
for the presence of mycoplasma contamination, as analysed 
by a PCR-based method. In the leupeptin experiments, 
cells were grown in a-MEM medium (in the presence or 
absence of 20 uM leupeptin) with 1096 of FBS at 37 *C in 
5% CO3. 


2.3. Isolation of genomic DNA 


Genomic DNA was isolated from harvested cultured skin 
fibroblasts suspended in lysis buffer (100 mM NaCl, 10 mM 
Tris- Cl pH 8, 25 mM EDTA pH 8, 0.5% SDS, and 0.1 mg/ 
ml proteinase K) by freeze/thawing (10 x ) the cells in a dry 
ice/ethanol bath. An equal volume of phenol/chloroform was 
then added, and DNA was precipitated by adding 1/2 volume 
of 7.5 M ammonium acetate and 2 volumes of 100% ethanol. 
The DNA pellet was rinsed with 7096 ethanol and dissolved 
in 10 mM Tris pH 8, 0.1 mM EDTA pH 8 (TE buffer). 


2.4. PCR and restriction enzyme analysis 


Exons 2—16 were amplified from 500 ng of patient or 
normal genomic DNA. The primers used to amplify the 
appropriate exons of the B-galactosidase gene and those used 
for site-directed mutagenesis are based on the published 
intron/exon junction sequences [7]. DNA amplification reac- 
tions were performed in 100 ul total volume containing: 100 
ng of each primer, 10 units of Tag polymerase (Promega), 0.5 
mM each of dCTP, dGTP, dTTP, and dATP, in 10 mM Tris— 
HCI pH 8.3, 50 mM KCI, 1.5 mM MgCh. The reaction 
conditions were 1 min at 94 °C (denaturation), 1 min 10 s at 
56 °C (annealing), and 1 min at 72 °C (extension) for 30 
cycles using the RoboCycler 40 (Stratagene) thermal cycler. 
PCR products were run on a 1% agarose gel to check for 
insertions or deletions before SSCP analysis was performed. 
To detect the presence of the Trp 273 Leu mutation com- 
monly found in Morquio B disease, we adapted the assay 
described by Oshima et al. [15]. The upstream primer 
sequence was SCAATTCTGAATTCTATACAGGC-3' and 
the downstream primer was 5CATTCTAGCATAAGTTC- 
TACAG-3! The PCR product (285 bp) containing the mis- 
paired A nucleotide in the upstream primer coupled with the 
TG817/818CT (Trp 273 Leu) mutation creates a Stul 
restriction site where the product is cleaved into 264- 
and 21-bp fragments. The positive control for this assay 
were cells from the known case of Morquio disease, type 
B (from the NIGMS Human Genetic Mutant Cell Reposi- 
tory—GM 01602). This cell line was confirmed to be hetero- 


zygous for the TG817/818CT (Trp 273 Leu) mutation and for 
Arg 482 His, a mutation described in patients with GM1 
gangliosidosis [16]. To examine the possibility that the 
mutations found were the result of polymorphic changes, the 
following primer pairs were used. For exon 13, 5’TAGTGA- 
TGTATTTTTCTTAAATCC-3'and 5*GGACAAAACGCA- 
CAGTTCAG, the 183-bp PCR product contains two Hinfl 
cut sites (generating 116, 40, and 27 bp pieces), one of which 
is lost in the presence of the G1363A (Gly 484 Glu) mutation 
(156 bp and 27 bp pieces); for exon 14, the upstream primer 
S.GTAGAGAACATGGGACGTGTTAA-3'was modified (T 
underlined) to create a new Hpal site. The downstream 
primer was SCTTAAACCTTAGTCTIGACAGTG-3. In the 
presence of the C1502G (Asn 484 Lys) mutation, the new 
Hpal site is lost. For exon 15, the upstream and downstream 
primers were 5CAGCTCACTGTGCTCTGTT-3'and 5! 
GAATTCAAACCCTTCCCATGA-3’, respectively. In the 
presence of the A1548G (Thr 500 Ala) mutation, the unique 
Hinfl siteislost. 


2.5. SSCP analysis 


SSCP analysis was performed at room temperature and at 
4 °C with 6% polyacrylamide gels in 0.5 x TBE running 
buffer containing 5% glycerol (40 W) as described by Refs. 
[17,18]. The gels fixed in 5096 methanol and 1096 acetic 
acid solution for 1 h were washed three times in distilled 
water for 15 min and then stained in a solution containing 
equal volumes of 0.5 M sodium carbonate and 10 mM silver 
nitrate-25 mM ammonium nitrate—3.5 mM tungstosilicic 
acid—0.8% formalin for 10-30: min. The reaction was 
stopped by the addition of 10% acetic acid. 


2.6. DNA sequencing 


Direct sequencing of PCR products in both directions 
followed the Amersham °*P-thermosequenase cycle se- 
quencing protocol. 


2.7. Western blot analysis 


Cells were harvested by scraping in phosphate-buffered 
saline and lysed by sonication as described earlier. Thirty 
micrograms of fibroblast protein was analysed using SDS- 
PAGE. Samples were reduced by boiling for 5 min in 62.5 
mM Tris, 3% SDS, 10 mM DTT, and were loaded onto an 
8% Bio-Rad Mini Gel SDS-polyacrylamide system as 
described earlier [12]. Proteins were transferred overnight 
to nitrocellulose, and the Western blot was probed using a 
1:1500 dilution of the polyclonal rabbit IgG (P-Gal) raised 
against purified human B-galactosidase precursor. This 
multiepitopic antibody reacts with all known forms of the 
wild-type and mutant protein including their degradation 
products [12,19]. immunoblots were developed using the 
enhanced chemiluminescence system (ECL-Western Blot, 
Amersham). 
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2.8. Immunolocalization of B-galactosidase in intracellular 
compartments 


Histochemical staining was by incubation of fixed per- 
meabilized cells with indolyl-P-galactoside [20]. Cells were 
grown in a-MEM medium (in the presence or absence of 20 
uM leupeptin) with 10% of FBS at 37 °C in 5% CO» on 
glass cover slips, and after 48 h, the cells were fixed and 
gently permeabilized with 100% cold methanol at — 20 °C 
for 30 min. The fixed cells were then washed in phosphate- 
buffered saline, blocked with 1% bovine serum albumin, 
and incubated for 1 h with rabbit IgG raised against purified 
human B-galactosidase precursor as above (diluted 1:200). 
The secondary antibody, a green fluorescein-labeled goat- 
anti-rabbit IgG F(ab’)2, diluted 1:100, was then added for | 
h, either alone or in combination with a 1:10,000 cilution of 
propidium iodide, which in addition to nuclear DNA also 
stains cytoplasmic RNA, and RNA bound to the rough ER 
thereby marking the position of the ER with the red 
fluorescence. The cells were then washed three mes with 
phosphate-buffered saline and mounted with elvanol [21]. In 
control cultures, the preimmune rabbit IgG was substituted 
for the primary antibody. 


3. Results 
3.1. Identification of the mutations 


Direct sequencing of PCR products was used to identify 
mutations in exons 2-16 using intron/exon primers as 
described by Morreau et al. [7]. Both patients in Family | 
were found to be heterozygous for two mutations, a 
C1502 — G transversion in exon 14 which converts Asn 
484 to Lys (Fig. 1a), and an A1548 — G substitutien in exon 
15 which converts Thr 500 to Ala (Fig. 1b). The patient in 
Family 2 was homozygous for a G1363 — A substitution 
which converts Gly 438 to Glu in exon 13 (Fig. 1c). We did 
not detect the nucleotide changes noted in the Morquio 
patients defined in this study using genomic DNA samples 
from 30 normal fibroblast lines supporting the assignment of 
these mutations as disease-causing and not natura!ly occur- 
ring polymorphisms. The Trp 273 Leu mutation commonly 
found in patients with Morquio B disease was confirmed in 


Fig. 1. Identification of mutations in Families 1 and 2. Genomic DNA was 
isolated as described. One mutation was detected in each of exen 14 and 15 
in Family 1 and in exon 13 in Family 2. Genomic fragments were amplified 
from 500 ng of patient or normal DNA using primers based on intronic/ 
exonic sequences and using the amplification conditions as described in the 
Materials and Methods. Direct sequencing of PCR products in both 
directions followed the Amersham **P-thermosequenase cycle sequencing 
protocol. In Family 1, we noted in exon 14 a C1502G transversion which 
changed Asn 484 to Lys (Panel a), and an A1548G substitution converting 
Thr 500 to Ala (Panel b) in exon 15. In Family 2. the only mu:ation noted 
was a G1363A substitution converting Gly 438 to Glu (Pane! c) in exon 
13. 


the cell repository Morquio B line used as the positive 
control as was the Arg 482 His mutation. The Trp 273 Leu 
mutation was not present in any of the current patients. 
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i ues 


3.2. Level of B-galactosidase protein 


The total -galactosidase activity in fibroblast extracts 
from our Morquio B patients was 2.1% and 1.8896, respec- 
tively, for the twins in Family 1, and 5.67% in the patient 
from Family 2 (Table 1). This compares favourably to the 
values obtained for the positive Morquio B control from the 
cell repository (1.2%). All of these residual activities are 
higher than the extremely low level of activity in the GM1 
gangliosidosis cells ( < 0.5% of the control) included in the 
study and are consistent with other known cases [12]. To 
assess the impact of these mutations on the level of p- 
galactosidase protein in these cells, we used our well- 
characterized rabbit polyclonal antibody in Western blot 
analyses. We detected very small but comparable to normal 
amounts of the 84-kDa precursor in cells from the Family 1 
patients (Fig. 2. lanes 1 and 6), and the case from the cell 
repository (Fig. 2, lane 3), while in the third patient (from 
Family 2), the precursor was more abundant (Fig. 2, lane 2). 
The processed, mature 64-kDa polypeptide, the most abun- 
dant form of the enzyme, was easily detected as expected in 
normal cells. The mature protein was decreased in the Family 
1 fibroblasts (Fig. 2, lanes 1 and 6) to the levels seen in the 
GMI gangliosidosis cells (Fig. 2, lane 5), but was found at 
a higher level in fibroblasts from Family 2 (Fig. 2, lane 2). 
On the other hand, fibroblasts from the positive Morquio B 


Table 1 
Mutations correlated with enzyme activity and Western blots 


Cell line 





Specific activity? Western blot result 





mutations B-Gal Hex 
Family 1 
sibling 1 Asn 484 Lys 30 18,220 some precursor, 


Thr 500 Ala little mature B-gal, 
degradation products 


sibling 2 Asn 484 Lys 27 13,602 some precursor, 


Thr 560 Ala little mature B-gal, 
degradation products 
Family 2 
Patient 1 Gly 4328 Glu gi 22,248 abundant precursor, 
homozygous little mature (5-gal, 


degradation products 


Cell repository 
Trp 273 Leu i7 11,772 
Arg 482 His 


some precursor, 
some mature p-gal, 
degradation products 


GMI gangliosidosis 


Arg351STOP 3 21.690 little precursor. 
little mature B-gal, 
no degradation products 
Normal 
none known 1429 17.419 some precursor, 


mature p-gal, 
some degradation 
products 





° Specific activity is nanomoles per hour per milligram of protein. 





Fig. 2. Western blot of fibroblast lysates from Marquio B and GMi- 
gangliosidosis patients. Thirty micrograms of total cellular protein was 
analysed by SDS-PAGE and probed using our well-characterized antibody 
that cross-reacts with the 84-kDa precursor and the 64-kDa mature forms of 
&-galactosidase. Lane | is Morquio B, sibling 1 of Family !; Lane 2, is the 
case from Family 2; Lane 3 is a Morquio B cell line (GM01602) from the 
NIMCGS repository: Lane 4 is a normal control; Lane Š is a case of GMI 
gangliosidosis, homozygous for an Arg351STOP mutation; Lane 6 is 
sibling 2 of Family l; Lane 7 corresponds to wild-type p-galactosidase 
expressed by CHO cells, as described earlier [14] and demonstrates the 
location of the 84-kDa precursor and the 64-kDa processed mature form of 
the enzyme. 


control displayed significant amounts of the 64-kDa mature 
protein (Fig. 2, lane 3). It is noteworthy that in all fibroblasts 
except those from the patient with the stop codon mutation 
(Fig. 2, lane 5), prominent degradation products in the range 
of 45 kDa were detectable. However, the relative abundance 
of these forms was not constant. For example, as in the 
normal cell line, Family : and 2 cells appeared to have a 
single major degradation product compared to at least two 
for the cell repository case and three major bands in one of 
the GM1 gangliosidosis cases. The relative abundance of all 
forms of the protein in the Morquio B cases was substantially 
higher than that found in the case of GM1 gangliosidosis 
used as a control but was still lower than that noted in the 
control cell line. Maturation of the precursor to the mature 
protein and formation of these degradation products arise 
exclusively from lysosomal digestion since as we have 
previously shown in I-cell fibroblasts, where the precursors 
are not localized into lysosomes due to the absence of the 
mannose 6-phosphate targeting signal, that the enzyme is not 





Fig. 3. Western blot of lysates from Morquio B patients incubated in the 
presence of leupeptin. Thirty micrograms of total cellular protein was 
analysed by SDS-PAGE and probed using our well-characterized antibody 
that cross-reacts with the 84-kDa precursor, the 64-kDa mature form and the 
major degradation product of p-galactosidase at 45 kDa. Lane | is Morquio 
B, sibling 2 of Family ]; Lanes 2 and 3 is Morquio B, Family 2; Lanes 4 
and 5 is Morquio B cell line (GM01602) from the NIMCGS repository. 
Lanes 6 and 7 is a normal control. Lanes 1, 3. 5, and 7 are lysates from cells 
grown in the presence of leupeptin for 48 h: lanes 2, 4. 6 are from cells 
grown in the absence of leupeptin. 
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Table 2 
The effect of leupeptin on B-galactosidase in fibroblasts 





Specific activity (nmol/h/mz of protein) 





No leupeptin With leupeptin 





Control 681.3 994.4 
Morquio B, Family 1, Case 1 8.9 7.0 
Morquio B, Family 2 19.9 18.1 
Morquio B, cell repository 7.8 7.8 
GMI gangliosidosis 0.0 0.0 


Cultured skin fibroblasts were incubated for 48 h in the presenez of 10 mM 
leupeptin, after which the cultures were harvested, and processed as 
described. 


processed but rather degraded [19]. These findings are 
summarized in Table |. Because it could be argued that the 
mutant proteins in the Morquio B lines reached the lyso- 
somes in normal abundance but were quickly degraded, we 
examined the level of Q-galactosidase proteins in cells 
incubated in the presence of leupeptin (Fig. 3). We previ- 
ously showed in galactosialidosis fibroblasts, where the p- 
galactosidase deficiency is a secondary manifestation of the 
primary deficiency in cathepsin A/protective protein, incu- 
bating the fibroblasts in the presence of leupeptin restored p- 
galactosidase to normal levels but did not affect processing 
to the mature enzyme [19]. In this instance, exposure of 
Morquio B cells to leupeptin did not effect a mse in p- 
galactosidase activity regardless of the nature of the muta- 
tions (Table 2). No substantial change in the level of B- 
galactosidase proteins (precursor, mature or degraded forms) 
were noted in the Morquio B lines with the Asn 484 Lys/Thr 
500 Ala or the Gly 438 Glu mutations in the presence of 
leupeptin. In contrast, in the control lines used (in both the 
Trp 273 Leu/Arg 482 His Morquio B line and in the normal), 
leupeptin treatment resulted in a net increase of (:-galacto- 
sidase proteins. Since leupeptin did not result in a rise of the 
enzyme protein in the presence of the Asn 484 Lys/Thr 500 
Ala or the Gly 438 Glu mutations, it implies that the mutated 
protein does not reach the lysosome but rather is degraded in 
a pre-lysosomal compartment. In support of this, we under- 
took immunofluorescence localization studies. Here, (^-gal- 
actosidase protein was found primarily in the perinuclear 
area (i.e. the endoplasmic reticulum) with some immunor- 
eactivity dispersed in organelles distant from the nucleus 
(data not shown). 


4. Discussion 


Novel missense mutations (Thr 500 Ala, Asn 484 Lys, 
and Gly 438 Glu) have been found in three patients in two 
families who display a mild form of Morquio B disease 
(primary ®-galactosidase deficiency with keratan sulfate 
storage). Subsequent to our conference report [13]. Paschke 
et al. [10] found the same A1532C, Thr 500 Ala mutation in 
another mild patient diagnosed at the age of 24 vears, but 
they did not examine the impact on the level of cross- 


reacting material. In the presence of the Thr 500 Ala and 
Asn 484 Lys mutations, minimal amounts of precursor (84 
kDa) and mature (64 kDa) forms of B-galactosidase were 
detected, the most abundant form of p-galactosidase protein 
being a 45-kDa degradation product. With the Gly 438 Glu 
mutation, both the precursor and the 45-kDa degradation 
product were noted but again only minimal amounts of the 
mature form of the enzyme were detected. Incubation of 
these cells with leupeptin, a potent thiol protease inhibitor, 
did not affect the level of residual p-galactosidase protein nor 
did it have any effect on the level of residual activity. On the 
other hand, with leupeptin treatment, there was a noticeable 
increase in the level of p-galactosidase precursor protein in 
control cells and in cells from the Morquio B patient 
heterozygous for Trp 273 Leu and Arg 482 His mutations, 
but no change in enzyme activity was observed in the latter. 
Consistent with this are our initial unpublished findings that 
show the mutant protein containing the Trp 273 Leu muta- 
tion to be catalytically defective at least with synthetic 
substrates. The failure to alter the level of -galactosidase 
protein in the presence of leupeptin suggests that the proteins 
bearing the Thr 500 Ala, Asn 484 Lys, and Gly 438 Glu 
mutations do not reach the lysosome and are likely degraded 
in the endoplasmic reticulum, as we have previously shown 
for missense mutations causing GM1 gangliosidosis [12]. 
In normal cells, upon arrival in the endosomal—lysosomal 
compartment, B-galactosidase associates with Neuramini- 
dase, protective protein (cathepsin A), and N-acetylglucos- 
amine 6-sulfate sulfatase [22] to form a stable complex 
responsible for the hydrolysis of GMI ganglioside and 
keratan sulfate. Complex formation is absolutely essential 
for P-galactosidase stabilization and for its normal posttrans- 
lational processing from the precursor to its mature form. 
Pshezhetsky and Potier [22] demonstrated that the complex 
also contained N-acetylgalactosamine 6-sulfate sulfatase, the 
enzyme deficient in Morquio disease, type A, and that its 
activity was reduced in galactosialidosis. This was correlated 
with elevated levels of keratan sulfate in the urine of 
galactosialidosis patients. These data indicate that digestion 
of keratan sulfate is intimately associated with and dependent 
upon both complex formation and correct processing of the 
enzyme. In earlier studies using I-cell fibroblasts, we showed 
that [5-galactosidase precursor is degraded to a low molecular 
weight fragment (about 18 kDa), but no larger intermediate 
forms were detected. This non-lysosomal proteolysis of p- 
galactosidase arises due to its mislocalization reflecting the 
enzyme deficiency in I-cell disease. Because the mutations 
described here resulted in formation of significant amounts 
of the 45-kDa degradation products, it is clear that a 
substantial amount of the mutant enzyme reached the lyso- 
some. However, little productive processing of the precursor 
to the mature 67-kDa form was noted suggesting that these 
mutations likely affect the protein's ability to associate 
correctly with the lysosomal complex, a crucial step for the 
enzyme's maturation and for keratan sulfate digestion. On the 
other hand, in the cell line with the Trp 273 Leu mutation, 
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measurable productive processing of the precursor to the 
mature protein occurred. These differences suggest that 
keratan sulfate catalysis is impaired in the presence of the 
Thr 500 Ala, Asn 484 Lys and Gly 438 Glu mutations 
because formation of the complex is abnormal, whereas with 
the Trp 273 Leu mutation, complex formation occurs, but the 
enzyme may be catalytically defective with respect to keratan 
sulfate degradation. Therefore, the occurrence of these new 
mutations in an area bounded by Gly 438- Thr 500 may 
define a region of p-galactosidase that is pivotal in its binding 
to the complex either alone or in conjunction with keratan 
sulfate binding and further work is required to examine this. 

We have documented that the alternatively spliced form of 
-galactosidase is identical to the 67-kDa EBP, the major 
function of which is to associate with a cell surface elastin 
binding receptor and to assist in the delivery of tropoelastin 
to form the extracellular matrix [8.23,24]. The elastin bind- 
ing receptor is composed of EBP, and two other proteins, 
which we have shown to be neuraminidase, and protective 
protein (cathepsin A). Release of newly secreted tropoelastin 
molecules from the association with EBP occurs upon 
interaction between it and galactosugar moieties protruding 
from the carbohydrate chains of glycoproteins thus facilitat- 
ing formation of the microfibrillar scaffold of elastic fibers. 
In parallel studies on fibroblasts from the Morquio B patients 
used in the present work and from patients with GMI 
gangliosidosis, we have found that cell lines from patients 
with Morquio disease type B have decreased capacity to 
assemble elastic fibers, whereas most GM1 gangliosidosis do 
not have this impairment [21]. In addition, we have noted 
that cells from patients with galactosialidosis and sialidosis 
also do not assemble elastic fibers [21]. These data are in 
accord with the recent findings that newly synthesized PPCA 
and neuraminidase associate in the ER are secreted together 
and reside in the plasma membrane [25.26] and are in 
agreement with our earlier data [23,24]. The sequences 
where the three novel missense mutations described here 
occur are identical between (-galactosidase and its alterna- 
tively spliced EBP form. The full impact of these mutations 
on the pathophysiology of Morquio B disease will only be 
realized when the respective mutations have been introduced 
into EBP and their impact on its function directly determined. 
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Abstract 


/e have previously shown that deregulated expression of the platelet-derived growth factor a-receptor (PDGFRA) can be associated with 
neural tube defects (NTDs) in both men and mice. In :he present study, we have investigated the transcription factors that control the up- 
regulation of PDGFRA expression during differentiation of early embryonic human cells in culture. In Tera-2 embryonal carcinoma cells, 
PDGFRA expression is strongly enhanced upon differentiation induced by retinoic acid and cAMP treatment. Here we show that the 
corresponding increase in promoter activity is controlled by an ATTA-sequence-containing element located near the transcription initiation 
site, which is bound by a transcriptional complex that includes PBX and PRX homeobox transcription factors. Mutation of the putative 
binding sites for these transcription factors results in stroag impairment of PDGFRA promoter activity in differentiated cells. Since functional 
inactivation of Prx genes has been associated with NTBs in mice, these data support a model in which improper PDGFRA expression as a 


result of mutations in or altered binding of its upstrear: regulators may be causally related to NTDs. 


© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 


Neural tube defects (NTDs), including anencephaly 
and spina bifida, form a major group of congenital 
malformations with an average incidence of 1 per 1000 
pregnancies in the western world. NTDs are mu'tifactorial 
traits with both genetic and environmental factors con- 
tributing to their etiology. Several candidate genes for 
NTDs have emerged from studies on mouse medels, but 
only few of them have actually been associated with 
related diseases in humans. Mice with a targeted null 
mutation in the gene encoding the platelet-derived growth 
factor a-receptor (PDGFRA) and also Patch mutant mice, 
which contain a natural deletion. of the chromosomal 
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region that includes PDGFRA, both show severe spina 
bifida combined with embryonic lethality in their homo- 
zygous form [1,2]. We have recently shown that this gene 
also plays a prominent role in the genesis of NTDs in 
humans. Based on an analysis of naturally occurring 
single nucleotide polymorphisms in the PDGFRA pro- 
moter, five different promoter haplotypes could be dis- 
criminated which strongly differed in their transcriptional 
activity. Specific combinations of such haplotypes corre- 
lated directly with a predisposition for NTDs in a group 
of sporadic spina bifida patients [3]. Based on these 
Observations, we have postulated that aberrant transcrip- 
tional regulation of PDGFRA may also play a central role 
in the genesis of NTDs in humans. 

The above hypothesis suggests that transcription fac- 
tors that act as upstream regulators of PDGFRA expres- 
sion may also be associated with NTDs. In line with this 
concept. it has been shown that mice heterozygous for 
the Patch deletion show spina bifida only in combination 
with the undulated mutation in the Pax/ gene [4]. In a 
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previous study, we have shown that Paxl indeed acts as 
an upstream transcriptional regulator of PDGFRA [5]. 
Moreover, we have shown that Paxl carrying the undu- 
lated mutation, as well as a mutant form of PAXI found 
in a patient with spina bifida [6], both show a gain of 
function in their ability to stimulate PDGFRA transcrip- 
tion [5]. Also, other transcription factors that have been 
associated with NTDs in mouse models, including Pax3 
[7], Gli2/Gli3 [8], HoxD4 [9,10] and Mfhl [11] have 
been associated directly with PDGFRA transcription or at 
least coexpress with PDGFRA during development. 

Expression of the PDGFRA and thus responsiveness of 
cells to the various PDGF isoforms (PDGF-A, -B, -C and - 
D) is strictly regulated during embryonic development. 
Although present in all cells of the pre-implantation embryo 
from the two-cell stage onwards [12], PDGFRA expression 
becomes limited to mesodermal and certain neural crest- 
derived structures after implantation [13—17]. Human 
embryonal carcinoma (EC) cells, which represent the undif- 
ferentiated stem cells of non-seminomatous testicular germ 
cell tumors, are widely used as an in vitro model system for 
studying differentiation-dependent regulation of gene ex- 
pression during early human development [18]. In previous 
studies, we have shown that the Tera-2 cell line in its 
undifferentiated state (Tera-EC) expresses PDGFRA from 
an internal promoter, giving rise to a set of alternative 
transcripts that have been used as a specific marker for early 
detection of testicular germ cell tumors [19,20]. Upon in 
vitro treatment with retinoic acid (RA), differentiated cell 
populations are obtained with neuronal and endodermal 
characteristics, designated Tera-RA, which abundantly 
express the 6.4 kb PDGFRA transcript that encodes the 
full-length functional PDGFRA. Using the cloned 2 kb 
promoter region of human PDGFRA that drives the forma- 
tion of this 6.4 kb transcript, we have shown [21] in transient 
transfection assays with a luciferase read-out, that PDGFRA 
transcription is strongly up-regulated upon treatment of Tera- 
EC cells with RA, particularly in combination with dibu- 
tyryl-cAMP (BtscAMP) and theophylline, this in spite of the 
fact that the promoter neither contains a consensus RA- 
responsive element nor a consensus cAMP-responsive ele- 
ment (CRE). 

Based on the hypothesis that aberrant expression of 
PDGFRA during development can be associated with 
NTDs, we have investigated the transcription factors that 
are involved in the up-regulation of PDGFRA promoter 
activity during RA-induced differentiation of Tera-EC 
cells. Here we show that an ATTA-sequence containing 
element (parATTA) is essential for PDGFRA transcrip- 
tional activity by binding a new complex of transcription 
factors that includes the homeobox proteins PBX2 and 
PRX2. Intriguirgly, in mouse models, Prx genes have been 
found to be associated directly with NTDs [22]. These data 
underline the kypothesis that improper PDGFRA expres- 
sion during development may be a major cause for the 
genesis of NTDs. 
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2. Materials and methods 
2.1. Reporter constructs 


The construction of the truncated PDGFRA promoter- 
luciferase (LUC) reporter gene vectors — 2120/+ 118 LUC, 
—441/+118 LUC, —275/* 118 LUC, —197/* 118 LUC, 
— 175/ 118 LUC and — 52/ + 118 LUC has been described 
previously [21]. Mutant forms of these promoter-luciferase 
constructs were generated using the Quick Change Site- 
Directed Mutagenesis Kit (Stratagene). 


2.2. Cell culture 


The human embryonal carcinoma cell line Tera-2 cione 
13 [23] was maintained in a-modification of minimal 
essential medium lacking nucleosides and deoxynucleo- 
sides, supplemented with 10% ES-approved fetal calf serum 
(Gibco BRL). Undifferentiated cells were seeded | day prior 
to transfection at high density (5.0 x 10° cells/cm^) in a 
0.1% gelatin-coated tissue culture dish. Differentiation was 
induced by the addition of 5 uM of RA, 12 h after the cells 
were seeded at low density (5.0 x 10°/em*), and maintained 
in this medium for 7 days before further use. Transfections 
were carried out using the calcium-phosphate method [24] 
upon addition of | ug/well of the promoter-luciferase vector. 
In addition, 50 ng/well of the lacZ-expressing vector 
pCH110 (Pharmacia) were cotransfected to correct for 
differences in transfection efficiency. After the appropriate 
incubation times, cells were lysed in reporter lysis buffer 
(Promega). Luciferase activity in the lysate was determined 
using the luciferase assay kit (Promega), according to the 
manufacturer's protocol. p-Galactosidase activity was 
assayed as described [25] using Galacton plus (Tropix) as 
the substrate. 


2.3. Electrophoretic mobility shift assays 


Nuclear extracts from Tera-2 cells were prepared as 
described by Schreiber et al. [26]. Extracts (10—15 pg) 
were incubated with 3 x 10* cpm **P-labelled DNA, 2 ug 
dI—dC and, if necessary, unlabelled competitor DNA in a 
reaction buffer (20 mM Hepes pH 7.9, 50 mM NaCl, | mM 
EDTA, 0.15 mM EGTA, | mM DTT, 0.15 mM PMSF, 4% 
(w/v) Ficoll and 50 mM KCI) for 5 min at room temper- 
ature. The resulting protein-DNA complexes were separa- 
ted on a 4% polyacrylamide gel using 0.5 x TBE as running 
buffer [24] and visualized on X-ray film (Kodak X-Omat, 
Fuji RX). 


2.4. Synthetic oligonucleotides 


The following synthetic oligonucleotides were obtained in 
single-stranded form in both the sense and anti-sense direc- 
tion: parATTA (5'-CTATAACATTGAATCAATTACAA 3), 
m-PBX (5-CTATAACAGGGAAGCAATTACAA-3), m- 
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PRX (S'-CTATAACATTGAATCTAGAGCAA-3^. DM (5'- 
CTATAACAGGGAAGCTAGAGCAA-3’), consensus CRE 
(5'-AGAGATTGCCTGACGTCAGAGAGAAG-3’), con- 
sensus AP] (5'-CGGATGACTCAGCCGGAA-3’) and con- 
sensus AP2 (5’-GATCGAACTGACCGCCCGCGGCCGT- 
3^. 

Equal amounts of the sense and anti-sense oligonucleo- 
tides were mixed in distilled water, heated to boiling temper- 
ature and slowly cooled to room temperature. If necessary, 
the resulting double-stranded product was subsequently 
purified by non-denaturating polyacrylamide gel electropho- 
resis [24]. 


2.5. Antibodies 


Anti-PBX polyclonal antibodies were directed against the 
C-terminus of the human protein, recombinantly prepared as 
a GST fusion protein (a generous gift from Dr. €. Murre, 
UCSD). Polyclonal antibodies specific for PRX2 (aPrx2) 
were directed against a synthetic peptide derived from mouse 
Prx2 (IKSYGQEAAIEQPVAPRPTT,), while polyclonal anti- 
bodies recognizing both PRX1 and PRX2 (aPrx1 +2) were 
generated against the E. coli recombinant protein AGRRA- 
AGPVSGPAEARVGAAREPSGGSSGTEAAPQDGDCFS- 
PGRGTKRKKKQRRNRTTFNSSQLQALERVFERTHY P- 
DAFVREELARRVNLSEARVQVWFQNRRAKFRRNER- 
AMLATRSASLLKSYGQEAAIEQPVAPRPTTMSP- 
DYLSWPASSPYSSVPPYSPGGSSPATPGVNMAN- 
SIASLRLKAKEFSLHHSQVPTVN. Both antibodies were a 
generous gift from Dr. F. Meijlink, Hubrecht Laboratory, 
Utrecht. 


3. Results 


We have previously shown that the activity of the so- 
called PDGFRA P1-promoter is strongly up-regulated upon 
RA treatment of undifferentiated Tera-2 human embryonal 
carcinoma cells. Up-regulation was also observed in the 


Tera-2 EC 


construct 
-52/+118LUC 
-175/+118 LUC 
-197/+1I8LUC 
-275/*118LUC 
-A4MI/*118LUC 


-825/4118LUC 





presence of BGcAMP, such that synergy in promoter acti- 
vation was observed by a combination of RA and this 
cAMP analogue [21]. Since the promoter region tested does 
not contain sequences corresponding to consensus RA- or 
CAMP-responsive elements, a panel of progressive 5'-dele- 
tion mutants of the promoter, cloned into a luciferase 
reporter gene vector, was used to map the cis-element(s) 
involved in the RA- and cAMP-induced promoter activity. 
Upon transient transfection into undifferentiated Tera-EC 
cells, the promoter activity of the deletion mutants varied in 
agreement with previous data [21], but for each mutant, a 9- 
to 20-fold induction of activity was observed upon treatment 
of the cells for 48 h with RA alone or with RA in 
combination with BGcAMP and the phosphodiesterase 
inhibitor theophylline (RACT), as shown in Fig. 1. Interest- 
ingly, similar results were obtained when the transfections 
were performed in Tera-2 cells that had already been differ- 
entiated by RA treatment for 7 days (Tera-RA cells). Since 
these differentiated cells already display a high basal 
PDGFRA promoter activity [21], RA and RACT seem to 
enhance, rather than induce, promoter activity. The obser- 
vation that the smallest element tested is still RA- and 
BOGcAMP-responsive, suggests that these stimuli mediate 
their effects through regulating elements within the — 52/ 
* 118 region of the PDGFRA gene. 

To characterize the transcription factors that bind to this 
specific promoter region, electrophoretic mobility shift 
assays (EMSAs) were performed using the — 52/+118 
promoter fragment as a probe. As shown in Fig. 2 (lane 
1), at least four different complexes were observed upon 
incubation of this fragment with nuclear extracts of Tera-EC 
cells. Upon 24 h treatment of these cells with RA, quanti- 
tative changes were observed in the three low mobility 
complexes, while the high mobility complex had disap- 
peared in favour of two new complexes with even higher 
mobilities. Qualitatively similar differences, although often 
more pronounced, were observed 24 h after treatment with 
RACT (data not shown, see also Ref. (21]). These data show 
that RA treatment of Tera-2 cells results in a complex but 


Tera-2 RA 
RA RACT 
2.8 + 0.2 10.7 x 0.2 
3.1 + 0.3 11.8 + 0.3 
2.6 + 0.0 13.6 + 1.7 
2.2 + 0.4 18.6 + 0.6 
3.8 + 0.3 8.8 + 0.2 
3.2 x 0.1 11.9 + 1.0 


Fig. 1. RA and cAMP-induced activity of PDGFRA promoter deletion mutants. Indicated 5’ promoter-luciferase (LUC) deletion mutants were transiently 
transfected into undifferentiated Tera-EC or differentiated Tera-RA cells, Transfected cells were treated for 48 h with either 5 uM RA or a combination of 5 uM 
RA, 1 mM BGcAMP and 350 uM theophylline (RACT). Subsequently, luciferase activity in the cells was determined and corrected for differences in 
transfection efficiency. The values represent the fold induction o? luciferase activity after treatment relative to that of unstimulated cells, including the sample 
standard deviation based on two independent experiments. Unstimulated values were in agreement with Afink et al. [21]. 
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Fig. 2. EMSA on nuclear extracts of Tera-EC cells before (control) and 48 h 
after incubation with 5 uM RA. Use was made of the 32p-labelled — 52/ 
+118 PDGFRA promoter fragment, either in the absence of any specific 
competitor (NO), or in the presence of a 500-fold excess of consensus API, 
parATTA, consensus AP2 or consensus CRE oligonucleotide (see Materials 
and methods for sequences). The five distinct DNA — protein complexes that 
can be competed with unlabelled parATTA are indicated by arrows, 
specified as complexes up-regulated by RA («) and complexes with 
decreased intensity following RA treatment (>). 


characteristic change in nuclear protein binding to the — 52/ 
* 118 promoter fragment of PDGFRA. 

The PDGFRA promoter does not contain a consensus RA- 
responsive element, but it contains various putative binding 
sites for RA-inducible transcription factors such as AP2 [21], 
and one such AP2 site (^ "GCCGTGGG  '*) is located 
within the — 52/+ 118 region. In addition, an ATTA-con- 
taining sequence (` ^ ATTGAATCAATTA '°), designated 
here as parATTA, is present which shows some homology 
to both a cAMP-responsive element (TGACGTCA) and to 
binding sites for the API transcription factor complex 
(TGASTCA) [27,28]. In order to investigate the involvement 
of these sequences in the — 52/ + 118 promoter region in 
binding of nuclear proteins, we carried out oligonucleotide 
competition studies, as shown in Fig. 2. Competition with the 
unlabelled parATTA oligonucleotide resulted in a complete 
loss of five of the six previously mentioned protein - DNA 
complexes bound to the — 52/ + 118 probe. This shows that 
this parATTA element is essential for the formation of 
protein- DNA complexes in both Tera-EC and Tera-RA cells. 
No binding competition was observed with a consensus API 
oligonucleotide, an AP2 oligonucleotide or an oligonucleo- 
tide containing a cAMP-responsive element (CRE), which is 
indicative for the specificity of nuclear protein binding to the 
parATTA sequence in this promoter element (Fig. 2). 


ATTA motifs are known to be involved in the DNA 
binding of homeobox-containing transcription factors. A 
search for transcription factor binding sites in the parATTA 
sequence present in the —Š52/+ 118 fragment of the 
PDGFRA promoter (TFSEARCH analysis) revealed the 
highest correlation with binding sites for members of the 
PBX and PRX families of homeobox proteins (TTGAAT 
and AATTA, respectivelv). In order to identify if such 
factors indeed bind the parATTA sequence in Tera-2 cells. 
we used specific antibodies directed against PBX and PRX 
proteins in EMSA studies. Fig. 3 shows that upon incuba- 
tion of parATTA with nuclear extracts of Tera-EC cells, a 
small increase in gel mobility of the DNA - protein complex 
was observed in the presence of antibodies specific for 
PBX2. More pronounced. a clear supershift was observed 
when the experiment was carried out in the presence of 
antibodies specific for PRX2, while antibodies that recog- 
nize both PRX2 and its transcriptional partner PRXI 
[22,29,30] strongly reduce DNA-protein complex forma- 
tion. These data suggest that the parATTA sequence is 
bound by PRX2, and possibly also PRX1, most likely in a 
protein complex with PBX2. Similar results were obtained 
using nuclear extracts from Tera-RA cells (data not shown), 

In order to analyse the specific function of the bound 
nuclear proteins, we introduced inactivating mutations into 
the parATTA oligonucleotide on positions that are specific for 
binding of either PBX2 or PRX1⁄2 (based on TFSEARCH 
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Fig. 3. Identification of parATTA binding proteins in Tera-EC cells. EMSAs 
were performed on the P p.-labelled PDGFRA promoter-derived parATTA 
oligonucleotide, using nuclear extracts of Tera-EC cells in the presence of 
anti-PRX and anti-PBX antibodies, as follows: ne, control nuclear extracts: 
aPbx2, antibodies specific for PBX2; aPrx2, antibodies specific for PRX2; 
aPb/rx2, a combination of aPbx2 and aPrx2; serum, control rabbit serum 
in the absence of nuclear extract; aPrxl/2, antibodies recognizing both 
PRXi and PRX2. Arrows denote the DNA - protein complexes that are 
formed or altered upon antibody binding. 


t2 
At 
OD 


analysis). Fig. 4 shows that mutation of the putative PBX 
binding site in the parATTA oligonucleotide results in a 
strongly reduced ability to bind Tera-2 nuclear proteins. 
Similar results were obtained upon mutation of the ATTA 
site involved in PRX1/2 binding, while no detectable com- 
plex formation was observed when both sites were mutated 
simultaneously. The similarity in effect observed upon muta- 
tion of the putative PBX and PRX site suggests that mhibition 
of binding of one of these factors may already block for- 
mation of the entire complex. It has been described that HOX 
gene products may modulate the DNA binding activity of 
PBX transcription factors and consequently that removal of 
either PBX itself or of the homeobox-containing trarscription 
factor is sufficient for dissociation of the DNA-protein 
complex [31]. In agreement with this observation, we find 
that PBX2 only forms stable complexes with specific DNA 
sequences when other homeobox-containing transcription 
factors, in this case PRX1/2, are bound in addition. 
Functional analysis of the wild-type and various mutated 
parATTA elements was subsequently studied within the 
context of the highly active — 441/-- 118 promoter-lucifer- 
ase reporter construct. When transfected into Tera-EC cells, 
the various mutations in the parATTA element caused a 
severe reduction in promoter activity compared to the wild- 
type promoter, as shown in Fig. 5. Mutation of the putative 
PBX binding site resulted in a more than 5-fold reduction in 
luciferase activity, both before and after RACT treatment. A 
similar reduction was observed upon mutation of the ATTA 
site or when both sets of mutations were combined. A 
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Fig. 4. Effect of mutations in the parATTA sequence on nuclear protein 
binding. EMSAs were performed with nuclear extracts of Tera-EC cells 
using P-labelled oligonucleotides with different mutations. The sequences 
of the wild-type parATTA oligonucleotide and of the mutant forms aimed at 
preventing PBX and PRX binding (designated m-PBX, m-PRX, and the 
double mutant DM) are shown in Materials and methods. The arrow 
denotes the major specific DNA -protein complex. 
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Fig. 5. Effect of mutations in the parATTA element on PDGFRA promoter 
activity. In the ~441/+118 PDGFRA promoter construct linked to 
luciferase, the following mutations were made: Pl, no mutation; All, P1 
carrying a deletion of the 11 nucleotide inverted repeat ^ 'ATTGAAT- 
CAAT '*: m-Pbx, PI carrying the PBX-sensitive mutation similarly as in 
the m-PBX oligonucleotide; m-Prx, P1 carrying the PRX-sensitive mutation 
similarly as in the m-PRX oligonucleotide; Dm, P! carrying both sets of 
mutations similarly as in the DM oligonucleotide. Constructs were 
transfected into Tera-EC cells and luciferase (luc) activity was measured 
in control cells ( — ) and in cells treated for 48 h with RACT (+). Promoter 
activity values were corrected for differences in transfection efficiency, 
expressed in f-galactosidase (bgal) activity. Error bars represent the 
standard deviation of duplicate independent experiments. 


complete loss of promoter activity was observed upon 
deletion of 11 nucleotides from the palindromic sequence 
within parATTA which is involved in binding of PBX and 
PRX1/2. Since this deletion leaves the transcription initia- 
tion intact, these data underline the essential role of the 
parATTA element in the basal transcriptional activity of the 
PDGFRA promoter. 


4. Discussion 


In the present study, we have shown that the up-regu- 
lation of PDGFRA expression during differentiation of early 
embryonic human cells requires a promoter element, des- 
ignated parATTA, which binds a complex of PRX and PBX 
proteins. Various studies have shown that improper expres- 
sion of the PDGFRA during embryonic development can 
result in NTDs, and therefore both PDGFRA itself and 
genes encoding upstream regulators of its expression may 
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be associated with such malformations. We have previously 
shown that PAX1, as a product of a NTD-associated gene, is 
an upstream regulator of PDGFRA expression, while the 
current study identifies PBX2, PRX2 and possibly also 
PRX1 as regulators of PDGFRA expression that are poten- 
tially involved in NTDs. These observations are in line with 
mouse studies, where severe NTDs have been observed, 
particularly in Prx1( — / —); Prx2(—/—) mice, with similar 
vertebrae defects as seen in the Pdgfra null mutant [22]. 

The exact nature of the protein complex that binds the 
parATTA element m Tera-2 cells is unclear, but the obser- 
vation that five distinct DNA —protein complexes have been 
identified 1n this study that are competed in EMSAs by 
unlabelled parATTA-containmg oligonucleotides, indicates 
that multiple complexes are formed. This suggests that in 
addition to PBX2 and PRX1/2, other proteins may also be 
present in the complexes formed. The EMSAs indicate that 
PBX2- and PRX1/2-containing complexes can be formed 
with nuclear extracts from both undifferentiated and differ- 
entiated Tera-2 cells, indicating that the increase in 
PDGFRA promoter activity upon RA treatment is most 
likely not due to the induction of these homeotic genes. 
These observations suggest that PBX—PRX proteins form 
the core of a larger complex that is required for transcrip- 
tional activation, in agreement with recent data on the 
binding of such transcription factors to a collagen promoter 
[32]. The formation of this complex 1s at most only partly 
regulated by the mere availability of the transcription factors 
involved and most likely requires an additional activation 
step. This is confirmed by the observed synergy between 
Bt, AMP and RA, which in comparison with RA alone gives 
rise to only quantitative, and not to qualitative changes in 
transcription factor binding to the — 52/-- 118 region [21]. 
Also the observation that RACT still stimulates PDGFRA 
transcription in Tera-RA cells supports this hypothesis. 

The present data indicate that the parATTA binding 
proteins PBX2 and PRX1/2 are essential for formation of 
the complex that regulates PDGFRA expression during 
embryonic cell differentiation. Homeobox transcription fac- 
tors are known to control expression of other homeotic 
genes, but only few examples are available in which they 
control expression of non-homeotic genes such as PDGFRA 
[32]. Amino acid alignment reveals that members of the 
PBX and PRX families are 93-99% conserved between 
mouse and human, while the parATTA element itself 1s 
100% conserved between rat, mouse and human. This 
underlines the importance of this mechanism for normal 
vertebrate development. 

Studies on the promoters of the human, mouse and rat 
Pdgfra gene have provided evidence for the involvement of 
GATA4 [33], PAX3-FKHR [7], Pax1 [5], C/EBPs [34] and 
Glil [35] in transcriptional control. Potentially, the genes 
encoding these transcription factors can all be involved in 
the development of NTDs. In mice, Pdgfra itself as well as 
Paxl, Pax3, Prxl and Prx2, which all encode upstream 
regulators of PDGFRA expression, have been associated 


directly with NTDs. In humans, specific combinations of 
PDGFRA promoter haplotypes have been associated with 
predisposition to NTDs, while mutations in PAX] and PAX3 
are also considered to be risk factors for human NTDs. 
Based on our present results, PBX2, PRX2 and possibly 
PRXI as well should also be considered as candidate genes 
in the genesis of NTDs in humans. Further studies will have 
to indicate if mutations in these genes or alterations in their 
expression levels are indeed observed in patients suffering 
from anencephaly and spina bifida. 

In conclusion, we have shown that PDGFRA promoter 
activity in human Tera-2 cells is strongly up-regulated upon 
RA and cAMP treatment. The element involved is located in 
the — 52/-- 118 region of the promoter, and EMSAs show 
that multiple protein complexes that can bind this region 
which are all competed by a 23 bp parATTA oligonucleo- 
tide. These protein complexes include PRX and PBX, but 
since these complexes are present in both Tera-EC and Tera- 
RA cells, RA/cAMP-induced induction of PDGFRA pro- 
moter activity seems to require an additional, as yet 
unknown activation step. Point mutations in parATTA 
reduce binding affinity for PBX—PRX proteins and thereby 
the induction of promoter activation by RA/cAMP. It is 
therefore concluded that the parATTA sequence is essential 
for normal PDGFRA transcription regulation and for its 
activation upon RA/cAMP treatment. 
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